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Photocatalytic process that uses traditional mercury lamp and TiO2 as catalyst 
has attracted numerous attentions recently in water and wastewater treatment 
area. However, the industrial-scale application of photocatalytic process was 
limited by the traditional UV radiation lamps due to their physical deficiency 
such as high energy cost, low photonic efficiency and perhaps the generation 
of mercury waste. In this thesis, a newly emerged high-power UVA/LED lamp 
was investigated as an alternative UV radiation source for photocatalytic 
process. By the investigation of this UVA/LED/TiO2 system for selected 
pharmaceuticals degradation and antibiotic-resistant bacteria disinfection, an 
in-depth understanding for the application of UVA/LED in photocatalytic 
process was achieved.  
Eight pharmaceuticals belonging to seven clinical drug groups were selected 
and tested for their degradation efficiency by the UVA/LED/TiO2 system. 
Results revealed that all of selected pharmaceuticals could be degraded to 
undetectable level within 20 min in this research. Further studies for 
pharmaceuticals degradation were focusing on the degradation of one typical 
pharmaceutical-acetaminophen (Ace). The optimum photocatalytic operational 
conditions were studied. Various factors such as light intensity, initial 
pharmaceutical concentration and catalyst dosage were investigated under 
continuous illumination generated by UVA/LED. A kinetic equation based on 
Langmuir-Hinshelwood law was proposed for photocatalytic degradation 
kinetic study. Latter in this study, periodic illumination mode was applied, and 
different methods to improve photonic efficiency and degradation rate were 
investigated. In this part of periodic illumination study, smaller duty circle and 
shorter circle time were found able to give higher photonic efficiency in 
photocatalytic process. The degradation rate was found increased with duty 
circle while decreased with circle time in the studied range. The addition of 
H2O2 could magnify the benefit brought by highly frequent periodic 
illumination. Comparing the effects of H2O2 addition on continuous 
illumination mode and periodic illumination mode, the latter was found more 
 viii 
 
significant considering both the improvements of photonic efficiency and 
degradation rate.  
Preliminary study of photocatalytic degradation mechanism was conducted by 
adding either valence band holes scavenger or hydroxyl radical scavenger. The 
dramatically decreased degradation rate indicated the important contribution 
of both photo-generated holes and hydroxyl radicals. In this study, various 
degradation intermediates were also determined for four selected 
pharmaceuticals by GC/MS. The determination of degradation intermediates is 
of great importance for water industry in their efforts to control PPCPs in 
water as there is a possibility that some of the intermediates can be more toxic 
than the primary compound.  
The disinfection study by UVA/LED/TiO2 system was conducted using 
antibiotic-resistant bacteria as disinfection target in this research. Results 
showed that UVA/LED/TiO2 process exhibited a good disinfection capability 
especially under higher light intensities. Log-removal was found higher under 
smaller duty circle and shorter circle time with the same UV dosage applied. 
Bacteria concentration continued to decrease after the removal of illumination 
which was called “residual disinfection effect” in this thesis. The residual 
disinfection effect was helpful to explain latter why there was no 
photoreactivation/dark-repair happened after the photocatalytic process.  
Keywords: UVA/LED, pharmaceutical pollutants, antibiotic-resistant bacteria, 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
Poor water quality has continuously been a major threat to human health in the 
last decades. Waterborne diseases such as diarrhea, which mainly affect 
children in developing countries, killed 2 million people and caused 4 billion 
episodes of illness in 2011 (Prüss-Ustün et al., 2011). The outbreaks of these 
diseases are primarily caused by the massive discharge of inadequately treated 
industrial and municipal wastewater containing pathogenic organisms or toxic 
chemicals, as well as by poor access to clean drinking water in 
undeveloped/developing countries.  
Inadequate wastewater treatment is also a major reason to impede the growth 
of countries’ economy. A report in Africa in 2012 have pointed out that up to 
7% of their annual gross domestic product (GDP) could be cost due to the 
lacking of access to safe drinking water and adequate sanitation (WSP-Africa, 
2012). 
Pharmaceutical compounds are among the new emerging contaminants that 
are receiving numerous attentions recently for water reclamation. The 
presence of pharmaceutical compounds in water and wastewater has been 
repeatedly reported all over the world. For example, in year 1998, over 30 
drugs were identified in the influent of German wastewater treatment plant 
(WWTP) (Ternes, 1998). Pharmaceutically active compounds have also been 
detected in different wastewater recycling schemes in Australia (Al-Rifai et al., 
2007) and in municipal wastewater treated effluent in Canada (Gagné et al., 
2006). There has been an increasing concern about the impact of 
pharmaceutical compounds on public health and environment due to their 
acute toxicity and genotoxicity characteristics. The increased pathogen 
resistance and endocrine disruption to human and animals (Arcand-Hoy et al., 
1998) due to long-term exposure to pharmaceutical compounds in aquatic 
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environment (Gebhardt and Schroder, 2007) are also serious health and 
environmental concerns in the last decades.  
Antibiotic-resistant bacteria in aquatic environment is another important 
concern nowadays (Inglis et al., 1991; Alcaide et al., 2005). The increased 
antibiotic concentration in wastewater due to extensively used antibiotics in 
aquaculture and prescriptions has led to the cultivation of various antibiotic-
resistant bacteria and genes (Gao et al., 2012a). Bacteria, once acquired 
antibiotic-resistant gene, may exist in the aquatic environment for a long time 
(Tamminen et al., 2011). For example, the sulfonamide-resistant bacteria can 
remain stable for as long as 5 to 10 years even after the selection pressure 
ceases (Enne et al., 2001; Bean et al., 2005). Some of the antibiotic-resistant 
bacteria, even not pathogenic, have the ability to transfer their resistant gene to 
human pathogens (Furushita et al., 2003; Guglielmetti et al., 2009) which pose 
a great potential risk to human health. 
To combat the increasing burden on our aquatic environment and produce an 
environmentally safe wastewater treated effluent suitable for disposal or reuse, 
efficient and cost-effective wastewater treatment processes are necessary.  
Different advanced technologies have been investigated for the treatment of 
pharmaceutical pollutants and antibiotic-resistant bacteria in water and 
wastewater. These technologies include membrane filtration, adsorption 
process, and advanced oxidation processes. Among them, photocatalytic 
process using suspended or supported TiO2 has been widely used to remove 
the concerned pharmaceuticals and bacteria. It has been found out that 
photocatalytic process is a promising technology to remove pharmaceuticals 
(especially with very low concentration) (Yang et al., 2010a; Choina et al., 
2013) and to disinfect antibiotic-resistant bacteria (Rizzo et al., 2013). More 
specifically, some studies have found out that bacteria survival in water 
samples treated by photocatalytic process kept decrease even after the removal 
of UV illumination (Shang et al., 2009b). It has been noted that for 
photocatalytic process, the operational conditions such as the initial pollutant 
Chapter 1 Introduction 
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concentration, the light intensity, the catalyst dosage and the illumination 
mode have significant effects on the photocatalytic degradation/disinfection 
performance. Moreover, the design of photocatalytic system, the wavelength 
of UV lamp applied and the state of catalyst existence (suspended or supported) 
play important roles in photocatalytic process. A detailed literature review 
regarding the various factors affecting photocatalytic process will be provided 
in Chapter 2. 
Although interest in photocatalytic process for newly concerned pollutants 
removal has been increasing nowadays, low photonic efficiency due to the fast 
recombination of photo-generated electron-hole pairs is one of the main 
drawbacks which has greatly restricted photocatalytic process for further 
large-scale applications (Xiong et al., 2011). To increase photonic efficiency, 
various efforts have been conducted such as (1) modification of TiO2 crystal 
structure, surface area and surface hydroxyl group density (Bahnemann, 1991), 
(2) doping of an metal element to trap excited electrons on TiO2 surface (Liga 
et al., 2011) and (3) addition of an electric field to facilitate the separation of 
the photo-generated electron-hole pairs (Butterfield et al., 1997). In addition, 
the application of controlled periodic illumination has also been proved as an 
effective method to increase photonic efficiency recently (Chen et al., 2007b). 
However, due to the nature of the widely applied traditional UV mercury lamp, 
which cannot be turned on and off efficiently, the study of periodic 
illumination till now is still limited. To date, the periodic illumination has not 
been well defined and investigated to consider both the length of circle time 
and the ratio of illumination time to one circle time. The mechanism of 
periodic illumination to improve photonic efficiency is still poorly understood. 
The addition of electron acceptors under periodic illumination mode for the 
improvement of photocatalytic process has not been investigated before. And 
available information for the bacteria response to periodic illumination 
regarding both inactivation and reactivation by photocatalytic process is still 
scarce. A few examples of the above mentioned problems will be discussed 
briefly in the following sections. 
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1.2 Problem statement 
The first stated problem is the urgent need for energy-efficient and reliable UV 
light sources. UV radiation light can be acquired either from the sun or from 
artificial sources. The most wildly applied artificial UV radiation sources 
currently are either low-pressure (LP) or medium-pressure (MP) mercury 
lamps with low or high outputs. However, the high energy consumption and 
short lamp life time (around 8000 hrs) increase their cost, while the mercury 
waste created are hostile to environment as well. In addition, the mercury lamp 
is always of big volume which requires all the mountings suitable for the 
shape of the lamp, which further limits its future application in specific 
conditions. The deficiency in reliability, durability and luminous efficiency of 
traditional mercury lamps generate an earnest and insistent necessity for safer 
and less expensive UV radiation devices. UV/LED has been applied for water 
treatment from year 2005 (Chen et al., 2005a). After that, this energy-efficient 
UV illumination device has gradually exhibited its numerous advantages such 
as high light output, high efficiency in converting electricity into light and no 
mercury waste generated. Due to the fast development of UV/LED industry 
along these years, high power UVA/LED has been produced, however, the 
application of high power UVA/LED for water treatment is still scarce.  
The second problem is the low photonic efficiency of photocatalytic process. 
Photonic efficiency (or called “quantum yields”) was defined as the number of 
pollutant molecules converted relative to the total number of photons incident 
(Nick, 1997). It is a crucial factor to indicate the whole working efficiency of 
the photocatalytic system. Low photonic efficiency is mainly caused by the 
easily recombined photo-generated electron-hole in the photocatalytic process 
and the low effectiveness of the incident photons that initiate the 
photocatalytic process (Van Gerven et al., 2007; Tokode et al., 2012).  To 
increase photonic efficiency ，  the application of controlled periodic 
illumination is an attractive choice (Chen et al., 2007b). However, due to the 
nature of widely applied traditional mercury lamp, which cannot be turned on 
and off efficiently, the study of periodic illumination is still limited. The 
limited application is due to the intrinsic character of wildly applied traditional 
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mercury lamp which needs time to warm up before it can give expected light 
output. Furthermore, mercury lamp is easy to burn out if it is turned on and off 
quickly and frequently. So to overcome this problem in studying Controlled 
Periodic Illumination (CPI) using mercury lamp, different system designs are 
generated. For example, a rotating disk reactor was reported (Buechler et al., 
1999a). This rotating disk reactor employed a pneumatic shutter to completely 
block the light or allow the light to illuminate the entire coated surface of the 
catalyst to generate CPI. In this case, even though CPI was generated, the 
mercury lamp was not turned off during the dark period, and light energy 
during dark period was wasted from this point of view. On the other hand, this 
mechanical design was difficult to realize as short as milliseconds or 
microseconds level frequency change. Recently, UVA/LED has been 
suggested to be a powerful and efficient light source for water treatment 
(Wang and Ku, 2006; Gupta et al., 2012). UVA/LED is more efficient in 
converting electricity into light by a process called electroluminescence which 
bases on the recombination of excessive electrons and holes. This lamp can 
generate high frequency CPI and it was reported more effective for 
photocatalysis than that was emitted from xenon lamps controlled by 
mechanical shutters (Chen et al., 2007b). Therefore, UVA/LED seems a 
promising light source to study the effect of periodic illumination in 
photocatalytic process. However, the application of the UV/LED lamp for 
water and wastewater treatment research only started from year 2005 (Chen et 
al., 2005a). The extensive application information is still in need to be further 
performed.  
The third problem is that to date, study of periodic illumination for 
photocatalytic process has only focused on duty circle (the ratio of 
illumination time to one periodic circle time) (Wang and Ku, 2006; Tokode et 
al., 2012). The length of one periodic circle time, which could also affect the 
photocatalytic process by contributing to the change of photonic efficiency has 
not been discussed. Further studies are in need to illustrate this issue. In 
addition, even though it has been found out that small duty circle was in favor 
of high photonic efficiency in photocatalytic process (Chen et al., 2007b), the 
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enhancing mechanism behind this phenomenon has not been given. To better 
understand the effect of periodic illumination, a comprehensive research and 
interpretation are required. This kind of study is important for determining the 
optimum illumination mode and evaluating the contribution of various 
periodic illumination modes to photocatalytic process. 
Moreover, the addition of external electron acceptors has been proved an 
effective method to improve the photocatalytic process using continuous 
illumination produced by traditional mercury lamp (Wang and Hong, 1999; 
Aceituno et al., 2002). However the different effects and contributions of 
electron acceptor on continuous illumination and periodic illumination have 
not been investigated previously. Systematic studies on the influence of 
electron acceptors under various illumination modes are desirable for further 
improvement of photocatalytic process.  
In terms of disinfection, it is well-known that the killing of bacteria by TiO2 
photocatalytic process is mainly caused by the generated reactive oxygen 
species such as hydroxyl radicals which are unselective. In a photocatalytic 
process, after the removal of UV lamp, the reactions between generated 
radicals and bacterial components are expected to continue which is called 
“dark reaction” where the existence of UV illumination is not required. Once 
the bacterial components (membranes, cell walls, DNA, RNA et al.) are 
oxidized, they may lose the capability to recover in the dark period. This 
phenomenon was called “residual disinfecting effect” in previous studies 
(Rincón and Pulgarin, 2007). However, limited information is available on 
further study of the “residual disinfection effect” for photocatalytic 
disinfection process. For example, the investigation of minimum UV dosage 
required to induce complete residual disinfection effect to disinfect the target 
bacteria is still limited. Meanwhile, the mechanism of residual disinfecting 
effect is poorly understood and needs to be further discussed. 
In brief, although there are some reports available in recent literature about the 
UV/LED application for photocatalytic water treatment process, there is a 
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general lack of fundamental understanding in terms of the effects of duty 
circle, circle time, external electron acceptors and periodic illuminations on 
bacteria responses. Therefore, more research effort is required to solve the 
above mentioned problems and to improve the photocatalytic process by using 
UV/LED lamps as UV light source. This would be critical information which 
is beneficial for future design and operation of UV/LED photocatalytic 
systems for both water treatment and reclamation.   
1.3 The advantages of UV/LED for water and wastewater treatment 
Recently, the newly emerged high-power light emitting diodes (LEDs) of deep 
UV is supposed to be a new promising alternative source for UV radiation. 
LED is a semiconductor p-n junction device that could produce light in a 
narrow spectrum through a process called electroluminescence (Wang and Ku, 
2006) -the electrons and holes in the LED die are activated by electric current 
with the electrons moving into the active region, during the following 
recombination process, light in a certain narrow spectrum is produced. 
Ultraviolet/light emitting diode (UV/LED) is a LED device which produces 
light in ultraviolet region. 
UV/LEDs are quite efficient in converting electricity into light compared to 
other traditional UV radiation sources due to their highly efficient luminescent 
mechanism. They have a longer lifetime compared to mercury lamps, which is 
more than 100,000 hrs compared to 8,000 hrs for mercury lamps. In addition, 
UV/LEDs do not produce mercury waste which undoubtedly makes them 
more attractive to be used as environment-conscious water treatment device.  
UV/LEDs are physically small, space-saving light sources and resistant to 
physical shock, which properties make them flexible and suitable for specific 
design according to various application purposes. Compared to traditional 
mercury lamp in a photocatalytic reactor design, less space is required if 
UV/LED is applied to achieve the same level of light output. Furthermore, 
once the reactor is set up, it is impossible for mercury lamp to change the light 
output unless the distance between the water sample and mercury lamp is 
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changed. However, for UV/LED, it is convenient to change the light output by 
only adjusting the forward current. This is beneficial especially when there is 
small space for a fixed reactor with limited and fixed distance between light 
source and water sample. 
One of the most important characteristics of UV/LEDs is that they can be 
turned on and off efficiently, especially on millisecond time-scale. Research 
have informed that controlled periodic illumination (CPI) emitted by 
UV/LEDs was more efficient compared to that emitted by xenon lamps 
(Buechler et al., 1999a). And luckily, due to the rapid development of 
UV/LED industry, it is already possible to realize UV/LED batch production. 
Ultraviolet-A/light emitting diode (UVA/LED) is a LED lamp that emits 
ultraviolet-A light. UVA/LED is one of the most mature deep UV/LED lamps 
in the market till the time of this study. 
In spite of the numerous advantages including lower energy consumption, 
longer lifetime, improved physical robustness, smaller size and faster switch 
response, the application of UV/LEDs for water and wastewater treatment is 
still at its infant stage. The study in this thesis was mainly focusing on the 
application of high power UVA/LED for wastewater treatment and the 
interests were relied mainly on the pharmaceutical degradation and antibiotic-
resistant bacteria disinfection. 
1.4 Research scope and objectives 
In view of the aforementioned issues, the overall objective of this research is 
to study the application of high-power UVA/LED for photocatalytic process in 
wastewater treatment. The target pollutants were the selected pharmaceuticals 
and antibiotic-resistant bacteria. To understand the performance of UVA/LED 
in a photocatalytic process, a novel UVA/LED/TiO2 reactor was set up and its 
degradation and disinfection capability were studied. The specific objectives 
are listed as follows: 
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Object 1- application of UVA/LED/TiO2 for selected pharmaceuticals 
degradation 
• To investigate the removal efficiency of the UVA/LED/TiO2 reactor 
for different pharmaceuticals 
• To ascertain the effects of different affecting factors for the 
UVA/LED/TiO2 photocatalytic process and determine the optimum 
operational conditions 
• To establish a dynamic equation for the UVA/LED/TiO2 process for a 
specific target pharmaceutical  
Object 2- investigation on different methods to increase the overall 
degradation rate and photonic efficiency of the UVA/LED/TiO2 process 
• To ascertain the effect of controlled periodic illumination on the 
degradation of selected pharmaceutical  
• To ascertain the contribution of added H2O2 for pharmaceutical 
degradation under different duty circles and circle times, and to 
compare the results with that under continuous illumination mode 
• To ascertain the enhancement effect of H2O2 addition for 
mineralization 
Object 3-preliminary degradation mechanism study and intermediate 
determination 
• To understand mechanism of pharmaceuticals degradation by the 
UVA/LED/TiO2 process 
• To determine the degradation pathways and intermediates for 
selected pharmaceuticals 
Object 4-application of UVA/LED/TiO2 process for antibiotic-resistant 
bacteria disinfection 
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• To ascertain the effects of operational conditions including light 
intensity and different controlled periodic illumination mode on the 
disinfection of target bacteria 
• To investigate the residual disinfection effect during the 
UVA//LED/TiO2 photocatalytic process  
• To investigate the photoreactivation and dark repair of the selected 
antibiotic-resistant bacteria 
An overall outline of this thesis is summarized according to the research 
framework and illustrated in Figure 1.1. The overall work to be conducted in 
this study will provide an in-depth understanding in application of high power 
UVA/LED/TiO2 photocatalytic process for pharmaceuticals degradation and 
bacteria disinfection. The results to be obtained from this research are 
expected to contribute to the future application of this newly emerged 
UVA/LED lamp in wastewater treatment area. 




Figure 1.1- Schematic framework of this study 
1.5 Contributions of this research 
As UV/LED is a new UV illumination source served for water treatment 
process, there are several main highlights in this study which contribute to the 
in-depth understanding and future large-scale application of UV/LED using 
periodic illumination for water treatment. 
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To better define a periodic illumination, a two dimension definition method 
was applied by using both duty circle and circle time in this study. As shown 
in Figure 1.2, duty circle was defined as the ratio of illumination time to one 
circle illumination and dark time (γ = τL/(τL + τD)), while circle time was 
defined as one circle illumination time plus dark time (β = τL + τD ). Duty 
circle has been investigated in several precious studies (Buechler et al., 1999a; 
Tokode et al., 2012). In their studies, the effect of duty circle was investigated 
in the way that illumination time was set as a fixed value. In order to change 
duty circle, only dark time was changed. Unfortunately, this method failed to 
consider that various ranges of illumination time might also have effect on the 
photons utilizing efficiency. So in this research, to further investigate the 
effect of both illumination and dark period on photocatalytic process, circle 
time was defined and introduced to periodic illumination study. The 
illumination time ranged from 10 ms to 1000 ms was investigated. 
 
Figure 1.2 Controlled periodic illumination 
It has been suggested that the rate-limiting step in a photocatalytic process is 
the dark reactions which do not require the existence of UV illumination 
(Tokode et al., 2012). To further investigate the contribution of dark reactions 
in periodic illuminated photocatalytic process, a hypothesis of dominant 
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theory in dark time was proposed in this research. In this theory, it was 
hypothesized that the dark time during a periodic illumination mode could be 
divided into two different time domains. Time domain-1 represents the time 
period where most dark reactions take place such as desorption, absorption 
and oxidation. If the dark time is long enough, there could be a time domain-2 
where scarcely any dark reactions take place. If time domain-1 dominates the 
whole dark time, the overall reaction rate during dark times is relatively fast. 
On the contrary, if time domain-2 dominates the dark time period, the overall 
dark time reaction rate is relatively slow. Based on this hypothesis, dark time 
could be adjusted to its optimum value and full use of time domain-1 without 
wasting excess waiting time for time domain-2. This hypothesis is helpful for 
the future explanation of various effects of duty circle/circle time on 
photocatalytic degradation and disinfection process. 
In addition, to increase the reaction rate during dark times, external electron 
acceptors-H2O2 was added into the photocatalytic system to accelerate the 
periodic illuminated photocatalytic process. According to the literature review, 
this was the first time for the combination of H2O2 addition and periodic 
illumination for photocatalytic process improvement. 
1.6 Organization of the thesis 
This thesis aims to introduce a newly emerged UVA/LED lamp into 
photocatalytic process with its focus on both pharmaceutical degradation and 
antibiotic-resistant bacteria disinfection for wastewater treatment. The whole 
thesis can be divided into seven chapters, and the organization is as the 
following: 
Chapter 1 provides a general overview on the public concerned pollutants-
pharmaceuticals and antibiotic-resistant bacteria in wastewater treatment. It 
states the limitation of current photocatalytic process and the emergence of the 
UVA/LED lamps as a new alternative light source for photocatalytic process 
application. The framework of the thesis is also provided. 
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Chapter 2 is a literature review which gives more detailed information about 
the principles and key concerns of photocatalytic process. A comprehensive 
historical review on UV/LED application for wastewater treatment is 
conducted. 
Chapter 3 describes the detail materials and methods employed for 
experiments in this study. In this chapter, the data analysis methods are also 
provided. 
The results of the photocatalytic experimental study using UVA/LED/TiO2 
system are presented from Chapter 4 to Chapter 7. 
In Chapter 4, the performance of UVA/LED/TiO2 reactor is tested by selected 
pharmaceuticals. The different factors affecting photocatalytic degradation of 
Acetaminophen (Ace) are investigated in order to determine the optimum 
operational conditions for the reactor. 
In Chapter 5, different methods to improve the UVA/LED/TiO2 process 
including change of duty circle/circle time and addition of H2O2 are 
investigated. In particular, the enhancement effect of H2O2 under different 
controlled periodic illumination modes for Ace degradation is studied. 
Determination of mineralization enhancement by the addition of H2O2 is also 
performed in this chapter. 
In Chapter 6, a preliminary mechanism for UVA/LED/TiO2 degradation 
process is investigated by adding different scavengers. The degradation 
intermediates are determined by gas chromatography-mass spectrometry 
(GC/MS). Based on the intermediates detected and previous reports, the 
degradation pathways are presented. 
In Chapter 7, the application of UVA/LED/TiO2 for antibiotic-resistant 
bacteria disinfection is studied. TiO2 powders are coated on the bottom surface 
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of glass container and served as catalyst film. The effects of light intensity and 
periodic illumination are investigated. Also the residual disinfection effect 
found for UVA/LED/TiO2 system is highlighted, which contributes to the 
latter absence of photoreactivation/dark repair after photocatalytic disinfection 
process. 
Finally, the overall findings for this research and recommendations for future 
studies are summarized in Chapter 8. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Pharmaceuticals in wastewater treatment plant 
There has been an increasing concern about the impact of pharmaceuticals for 
human health and the aqueous environment. A huge amount of 
pharmaceuticals are consumed by human and animals around the world while 
most of them are non/partially metabolized and excreted into wastewater 
treatment system. Some of the pharmaceuticals, especially some analgesics 
and antibiotics are neither biodegradable nor adsorbable by wastewater 
treatment process. These untreated pharmaceuticals will finally go into our 
aqueous environment and pose various kinds of health threaten to public 
health. Emerging pharmaceutical contaminants have been detected in the 
wastewater treatment plant (WWTP) effluents at mean concentrations ranging 
from 0.1 to 20 μg/l (Castiglioni et al., 2006; Martínez Bueno et al., 2007; 
Richardson, 2007; Zhao et al., 2009). The occurrence of these contaminants in 
wastewater treated effluents increases the risk of wastewater treated effluents 
being reused or recycled for different application purposes. It has been 
suggested that reusable water should be free of those persistent, toxic, 
endocrine-disrupting or non-biodegradable substances (Teske and Arnold, 
2008). 
2.1.1 Classification and concentration of pharmaceuticals in wastewater 
treatment plant 
Emerging pollutants including pharmaceuticals and personal care products 
have attracted numerous attentions recently according to their potential health 
effects and the occurrence of them in our aquatic environment. Various 
pharmaceuticals have been detected in WWTP worldwide covering a broad 
spectrum of compounds with great differences in their properties which affect 
their fate in the wastewater treatment plant. In particular, the removal 
efficiency of carbamazepine in municipal sewage treatment plant (STP) was 
found as low as 7% in German (Ternes, 1998). In the same study, 80% of the 
selected drugs were detectable in at least one municipal STP effluent. In 
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another study in UK (Roberts and Thomas, 2006), among the 13 
pharmaceuticals including acetyl-sulfamethoxazole, clofibric acid, ibuprofen, 
diclofenac, acetaminophen, prepranolol, sulfamethoxazole, tamoxifen and 
trimethoprim et al. selected from the priority list of the UK Environment 
Agency and the Oslo and Paris Commission (OSPAR), all compounds except 
sulfamethoxazole and acetyl-fulfamethoxazole were detected at concentrations 
with a range from 11 to 60,570 ng/L. The pharmaceutical composition and 
concentration in WWTPs varied with different seasons as described by 
Hedgespeth et al. (2012) where higher estriol and estrone concentrations were 
detected in the summer compared with those detected in spring and winter 
seasons. Meanwhile, the concentrations of pharmaceuticals also differ from 
country to country due to the different pharmaceutical usage pattern of 
specific countries. For example, the concentration of acetaminophen was 
detected 3~10 times higher in USA than in Korea wastewater treatment plant 
(6.8 ppb) and it was even not detected in a WWTP in Spain (Yu et al., 2006; 
Pedrouzo et al., 2007). Generally speaking, the mainly concerned 
pharmaceuticals grouped according to their therapeutical classes together with 
their concentrations in wastewater treatment plant influents and effluents are 
summarized in Table 2.1.  
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Table 2.1 Main concerned pharmaceuticals in wastewater and their 
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(Fent et al., 2006) 
(Lin et al., 2009) 
β-blocker Atenolol 8.1~25.1 1.3~3.2 (Kasprzyk et al., 2009) 
Stimulant Caffeine 55~192 1.4~44 (Gómez et al., 2007) 
Antibiotic Sulfamet-
hoxazole 
- 0.05~0.09 (Gómez et al., 2007) 
Anaesthetics Propofol - ＜LODa (Verlicchi et al., 2010) 
Cytostics 5-fluor-
ouracil 
＜LOD ＜LOD (Kümmerer, 2001) 
aLOD=limit of detection 
In studies carried out in many countries, including UK, Korea, France, Spain, 
US, Australia and Germany, high concentrations of several analgesic 
pharmaceuticals have been detected in WWTPs. Concentrations of analgesics 
in the effluent ranged from 4.7 to 211 ppb for acetaminophen and from 0.7 to 
168 ppb for ibuprofen have been reported (Gómez et al., 2007; Lin et al., 
2009). High concentrations of analgesics could be ascribed to the high 
consumptions in these countries. For example, some of the analgesics such as 
acetaminophen is most popular freely-available analgesics over-the-counter in 
Greece (Kosma et al., 2010).   
Carbamazepine as a phychiatric drug, in spite that it is metabolized to a very 
high degree in humans, cabamazepine is highly resistant to traditional 
wastewater treatment process. In fact, the removal efficiency of 
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carbamazepine was less than 10% in most studies (Zhang et al., 2008b; 
Naddeo et al., 2009). In certain cases, carbamazepine concentrations were 
even found higher in the effluent compared to its concentrations in the influent. 
This phenomenon has been attributed to the conjugation/deconjugation 
processes that occur during the activated sludge treatment (Radjenović et al., 
2009).  
Beta-blockers such as atenolol, metoprolol and propranolo have been detected 
in Sweden wastewater treated effluents up to average concentrations of 0.16, 
0.19 and 0.03 ppb, respectively (Maurer et al., 2007). The removal efficiency 
of beta-blockers are relatively low that atenolol and sotalol had removal 
efficiencies within 0~46% and 15~36% ranges by WWTP (Castiglioni et al., 
2006; Radjenović et al., 2009). Their removal in WWTP was supposed to be 
achieved by biological degradation and slight adsorption to sludge.  
Caffeine could be commonly found in coffee, tea, chocolate and other soft 
drinks. It is also one of the important components in lots of prescriptions and 
over-the-counter drugs. Caffeine is widely spread in wastewater, surface water 
and groundwater that it is used as a molecular tracer of wastewater 
contribution to surface waters (Jacobs et al., 2012). The occurrence of caffeine 
in WWTPs has been widely reported and the reported levels ranged from 17.1 
to 113.2 ppb in the influent while from 1.9 to 13.9 ppb in the effluent (Kosma 
et al., 2010).  
The concentrations of hormones in wastewater effluent are commonly found 
in ng/L range. However, the low concentrations of some steroid hormones in 
secondary effluent sometimes remain sufficient to pose health threat to 
wildlife such as fish (Johnson and Sumpter, 2001). It has been reported that E2, 
even at a low concentration of 1 ng/L, have the capability to induce an obvious 
endocrine disrupting effect on fish (Purdom et al., 1994). In spite that E1 has 
less potency than E2, its concentration in wastewater effluent has often been 
found more than double of E2 concentration in the same wastewater effluent. 
Moreover, E1 is more resistant to wastewater treatment process than E2 
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(Laganà et al., 2004). Therefore, E1 appears to be the most important steroid 
hormones considering its high concentration, and relatively high persistence in 
WWTPs. 
Other pharmaceuticals such as cytostics and anaesthetics sometimes are below 
the limit of detection, have also attracted numerous concerns recently 
(Kümmerer, 2001) because of their large consumption, persistence in WWTPs 
and adverse effects which will be discussed in the next sections. 
2.1.2 Adverse effects of pharmaceuticals  
Pharmaceuticals are produced with an original purpose to cause certain 
biological/chemical effect. They often have similar types of physio-chemical 
behavior that are characteristic of harmful xenobiotics such as the capability to 
pass cell membranes. And they are sometimes persistent to ensure that they 
would not be inactivated before having their therapeutic effect (Sanderson et 
al., 2004). Occurrence of pharmaceuticals in aquatic environment is of great 
concern as there are considerable evidences that pharmaceuticals in aquatic 
environment have exhibited various acute or chronic health threat to human 
and animals. 
For example, laboratory experiments have demonstrated that after 28 days 
exposure to 5 ppb analgesic drug-diclofenac, chronic histopathological effects 
in rainbow trout happened that the gills of rainbow trout changed. As for 
humans, side effects of diclofenac have been found out in the liver with 
degenerative and inﬂammatory alterations (Banks et al., 1995). 
Recent research have observed that continuous, low-level exposure to 
hormones such as oestrogen (5~6 ng/L) from wastewater could delay the male 
minnows for their sperm development and result in smaller testes (Trivedi, 
2007). It has also been proved that hormone drugs may have certain adverse 
effects on human as well. For example, a link between environmental 
hormones exposure and human health deterioration has been suggested. There 
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are increasing public concerns about the long-term health effects from various 
hormones to healthy people who are unavoidably exposed to them. The 
reported possible adverse effects of hormones include the reductions in sperm 
counts and quality (Carlsen et al., 1992); the increased incidence of the male 
genital abnormalities cryptorchidism and hypospadias and increased incidence 
of testicular (Osterlind, 1986); prostate and breast cancer (Baker, 2001).  
Another example is that beta-blocker has been found have chronic toxicity on 
the fish cardiovascular system as well as on their reproduction system. This is 
due to the reason that fish contain beta-receptors in their heart and liver very 
similar to those present in mammals that if antagonists such as propranolol 
present in water, they could be affected and there would be a high possibility 
of impired fitness such as reduced growth and fecundity (Owen et al., 2007). 
Cytostatic agents have been widely applied for chemotherapy in history. 
Unfortunately, many of them have been frequently proved to have 
carcinogenic, mutagenic or embryotoxic properties (Kümmerer, 2001). 
Significant adverse effects of cytostatic agents such as induction of DNA 
damage have only been observed at concentrations that are substantially 
higher than those in the native waters (Ferk et al., 2009). However, long-term 
exposure to these drugs may also pose health threat to humans. For example, 
to check the eventual effects of cytostatic drugs on occupationally exposed 
nurses, researchers have recently observed a significant increase of structural 
chromosomal aberrations among the nurses. This increase has the potential to 
finally elevate the risk of cancer (Bouraoui et al., 2011; Zhang et al., 2013). 
Most of the cytostatic drugs are prescribed in hospital, however, till now, the 
discharge of cytostatic drugs to the environment has neither been well 
regulated nor undergone any specific control once administered at hospitals 
(Zhang et al., 2013). 
From the above evidences regarding various adverse effects of 
pharmaceuticals for wildlife studies and human observations, it has been 
suggested that pharmaceuticals may pose negative effects on human health. 
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Further research is in need to investigate acute or chronic cause and effect 
relationship for various pharmaceuticals. In addition, efforts to prevent 
pharmaceuticals from entering aquatic environment and drinking water 
sources are of great importance in water research area. 
2.1.3 Advanced treatment techniques for pharmaceuticals removal and 
their main challenges 
Conventional WWTPs, which are typically based on biological processes, are 
capable of removing certain undesired pharmaceuticals, but other non-
biodegradable compounds are persistent which may escape the treatment 
plants untreated and enter into our aquatic environment (Richardson and 
Bowron, 1985; Halling-Sorensen et al., 1998). Certain compounds for instance, 
some anti-tumor agents and analgesics, are difficult to be degraded by 
biological processes or be adsorbed onto sewage sludge (Petrovic et al., 2008) 
and still have the potential to harm wildlife. Therefore, exhaustive efforts are 
required to remove these substances from wastewater completely. The 
application of highly efficient, cost-effective advanced treatment processes for 
wastewater recycle and reuse strategies are encouraged which have to be 
worked towards now and in the future. A number of advanced physical or 
chemical techniques including membrane separation, activated carbon 
adsorption and advanced oxidation processes have been investigated for 
pharmaceuticals removal. 
2.1.3.1 Removal by membrane separation 
Due to the booming development in membrane technology, RO and NF 
membrane process has become a favored treatment technology for the removal 
of various concerned pharmaceuticals. It has been reported that removals of 
most pharmaceutical compounds from various therapeutic categories by RO 
process were greater than 90% (Al-Rifai et al., 2011).  As for NF membrane, 
pharmaceutical removal was highly correlated with logkOW (kOW is the partition 
coefficient of octanol-water) for tight NF membranes with a moderate to good 
removal (80%~90%). While for loose NF membranes, the removal was poor, 
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variable and could only achieve minor removal performance (13%~43%) 
(Schäfer et al., 2003; Nghiem et al., 2004). The most important challenge for 
RO/NF membrane processes is the fouling problem (Misdan et al., 2012). As 
for RO process, calcium phosphate precipitation and the membrane 
degradation through contact with chlorine-like disinfectants commonly used in 
water and wastewater treatment are further limitations for commercial 
applications of RO (Greenlee et al., 2009). 
2.1.3.2 Removal by activated carbon adsorption 
The adsorption process using activated carbon is widely used to remove 
natural or synthetic organic compounds from aqueous phase. Activated carbon 
adsorption process is an effective technology for pharmaceuticals removal due 
to its high surface area (ranging from 500 to 1500 m2g-1) and the combination 
of a well developed pore structure and hydrophobic surface property. Other 
properties that could affect the activated carbon adsorption include the 
presence of different types of surface functional groups, activated carbon 
dosage, contact time as well as the target contaminant properties (Delgado et 
al., 2012). A high efficient removal (99%) has been  achieved using granular 
activated carbon (GAC) for fourteen selected pharmaceuticals removal (Kim 
et al., 2007b). In another study, a highly removal efficiency up to 90% have 
been reported by using 5 mg/L powdered activated carbon (PAC) and 4 hour 
contact time for hormone removal (Schäfer et al., 2003). The activated carbon 
adsorption process is however limited by the high operational costs for 
regeneration/replacement of carbon bed. PAC needs to be disposed of through 
land filling or other solids handling. While for GAC, the thermal regeneration 
require a significantly high cost of energy which may lead indirectly to greater 
environmental risks than the presence of the low concentration 
pharmaceuticals in aquatic environment (Verlicchi et al., 2010). 
2.1.3.3 Removal by advanced oxidation 
Of the various advanced wastewater treatment technologies considered, 
advanced oxidation processes (AOPs) have emerged as a highly interested 
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alternative. AOPs are defined as the processes based on the in-situ generation 
of highly reactive radicals (hydroxyl radical, and other high oxidation 
potential radicals), which could completely oxidize organic pollutants into 
final products (CO2, H2O, and mineral acids or salts) (Esplugas et al., 2002b; 
Pera-Titus et al., 2004). Unlike other advanced wastewater treatment 
technologies such as membrane filtration and adsorption process, AOPs have 
the ability to eventually degrade the organic pollutants to final products rather 
than merely concentrate or transfer them into other different phases (Sievers, 
2011a).  
AOPs offer a few advantages for wastewater treatment. Instead of transferring 
pollutants into another concentrated phase, AOPs are able to eliminate the 
refractory organic pollutants in wastewater. If given enough time, almost all 
the organic pollutants and together with their intermediates could be 
mineralized into final products (CO2, H2O, et al.). Due to the high oxidation 
potential of hydroxyl radical, AOPs are non-selective. They could react with 
almost every organic pollutants and microorganisms without discrimination. 
In addition, there is no disinfection-by products generated during the AOPs. 
Finally, most AOPs are very fast processes. 
AOPs have been applied to remove refractory organic pollutants and 
disinfection by-products in the last decades (Esplugas et al., 2002a; Gogate, 
2002). These AOPs include UV/H2O2, photocatalytic oxidation, Fenton 
chemistry, ozone based AOPs (Gogate and Pandit, 2004). Among the 
interested AOPs, heterogeneous photocatalysis process employing 
semiconductor material as catalyst has demonstrated its high efficiency for 
tertiary wastewater treatment. According to a recent work overview in Figure 
2.1 (Klavarioti et al., 2009), heterogeneous photocatalysis was the most 
studied (as high as 32% among all studied AOPs) AOP  for pharmaceutical 
degradation till 2009.  




Figure 2.1-Distribution of AOPs studied for pharmaceuticals degradation 
(Klavarioti et al., 2009) 
The advantages of heterogeneous photocatalytic process are summarized as 
following:  
(1) Photocatalytic process could be operated at ambient conditions (such 
as room temperature and pressure). 
(2) There is a potential possibility of using natural solar light. This benefit 
is of great attraction from economic point of view, especially for the 
less developed countries and developing countries. 
(3) Photocatalytic process could completely mineralize many of the target 
organic pollutants, together with their intermediate compounds and 
mineralize many of the water born pathogens with no secondary 
pollution caused. 
(4) If TiO2 are used as catalyst, this process could be operated in a large 
pH range (pH from 0 to 14) due to the chemical stability of TiO2. 
(5) The operating cost of photocatalytic process is relatively low (TiO2 is 
relatively cheap in the market and catalyst can be recycled). 
There are, however, several main challenges of photocatalytic process for its 
practical industry application purpose. For example, the post-separation of 
semiconductor TiO2 catalyst after water treatment remains as the major 
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obstacle for large-scale applications. Low photonic efficiency due to the 
inefficient using of photons is another important challenge to make 
photocatalytic process an energy-efficient water treatment process. Further, 
the understanding of the theory behind the photocatalytic process and process 
optimization methods deserve further investigation. 
2.2 Antibiotic-resistant bacteria in wastewater treated effluent 
2.2.1 Occurrence and adverse effects of antibiotic-resistant bacteria 
Numerous antimicrobial agents are used for the treatment of human, animal 
and plant health maintenance worldwide. Large amounts of them are released 
into sewage wastewater treatment system due to incomplete digestion in 
human and animals or direct disposal of unused medicines (Nagulapally et al., 
2009). For example, the average usage of veterinary antibiotics in China was 
reported as high as 6000 tons annually (Zhao et al., 2010). However, up to 
30~90% of antibiotics added to the feed were excreted undigested in the form 
of primary compounds, conjugates, oxidation and hydrolysis products via 
feces or urine (Wei et al., 2011). These half/non digested antimicrobial agents 
would finally reach the WWTP through sewage system. The problem is that 
most conventional WWTPs are typically designed based on biological 
processes which cannot completely remove these antimicrobial agents and 
release them into aquatic environment. Removal efficiencies ranging between 
20~87% have been reported for antibiotics removal by WWTPs (Golet et al., 
2002; Brown et al., 2006). The spread of antimicrobial agents could provide 
undesirable consequences. For example, using a real-time PCR, the effect of 
feedlot operation on resistance genes in downstream surface waters were 
investigated in the Midwestern United States.  Results showed that the 
consumption of antibiotics strongly affected the emergency and distribution of 
antibiotic-resistant genes in downstream surface waters (Peak et al., 2007). In 
addition, a significant correlation was found between the quantity of 
tetracycline and sulfamethoxazole resistant bacteria and corresponding 
antibiotic concentrations in a WWTP’s influent and effluent in Michigan (Gao 
et al., 2012b). In fact, it has been proven that there was an impressive increase 
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of antibiotic resistance strains in pathogenic bacteria in the last decades 
(Blasco et al., 2008) and over the years, almost every bacterial pathogen has 
developed resistance to one or more clinical antibiotics.  
On the other hand, antibiotic resistant gene in non-pathogens is undesirable as 
well because non-pathogens have the ability to potentially transmit the 
antibiotic-resistance gene to other pathogenic microorganisms by means of 
transmissible resistance factors (Séveno et al., 2002; Martínez, 2008). The 
spread of antibiotic resistance gene among non-pathogens and pathogens is 
one of the most relevant causes for the outburst of infectious diseases 
(Kumarasamy et al., 2010; Huang et al., 2011). Pathogens, once get resistant 
gene, could pose serious threat to the community health. Human, especially 
children and women, infected by these pathogens cannot be treated with the 
usual clinical antibiotic drugs anymore thus increase the risk of their disease. 
For example, it has been reported that debilitated and immunocompromised 
patients are likely to be infected by vancomycin-resiatant enterococci and are 
hard to cure due to the multi-resistant characteristics of these bacteria 
(Schwartz et al., 2003). 
2.2.2 Treatment technologies for antibiotic-resistant bacteria  
It has been reported that the biological water treatment process could promote 
the exponential growth of bacteria instead of killing them (Rizzo et al., 2012). 
In other words, the biological process is suitable for the growth/spread of 
antibiotic-resistant bacteria and transfer of their antibiotic-resistant genes. The 
antibiotic-resistant bacteria which are entrapped in biological flocs can be 
removed by sedimentation, however, the remaining suspended antibiotic-
resistant bacteria could be released into the environment with the effluent of 
the biological process  if an effective tertiary disinfection process is absent 
(Caplin et al., 2008). The occurrence of antibiotic-resistant bacteria in 
wastewater effluents has been previously reported (Gallert et al., 2005). 
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Hence, an effective disinfection process is needed to control antibiotic-
resistant bacteria in the effluents of WWTPs in order to minimize the health 
risks that human are exposed to during water reuse or recycle processes. 
Chemical disinfection method like chlorination has been applied to control 
antibiotic-resistant bacteria in wastewater treatment plants (Armstrong et al., 
1982; Murray et al., 1984). The results in their study revealed that the 
tetracycline-resistant bacteria had higher tolerance to high dosage of chorine 
compared to antibiotic-sensitive bacteria. And a slight increase in the 
percentage of tetracycline-resistant bacteria in WWTP effluent was detected in 
their previous study (Murray et al., 1984). The main drawback for chlorination 
is that chlorination leads to the formation of carcinogenic and mutagenic 
disinfection by-products (Richardson, 2003). The bacteria reactivation after 
chlorination process is another significant drawback to chlorination (Huang et 
al., 2011). Selection of antibiotic-resistant bacteria by chlorination depends on 
many factors such as type of antibiotic resistance, chlorine dose and recovery 
time after chlorination (Huang et al., 2011). Photocatalytic disinfection has 
been proved as a highly efficient and environmental-friendly process for 
sterilization of antibiotic-resistant bacteria such as methicillin-resistant 
Staphylococcus aureus (MRSA) (Kangwansupamonkon et al., 2009) and 
highly UV-resistant bacteria such as Enterobacter cloacae (Ibáñez et al., 
2003). In Kangwansupamonkon et al’s study, the number of viable MRSA 
was found decreased with increasing irradiation time in photocatalytic process 
using apatite-coated titanium dioxide as catalyst. And a cell disruption was 
determined by the SEM image of MRSA after photocatalytic process. With the 
generation of reactive oxygen species (ROS), photocatalytic process has a lot 
of advantages such as no disinfection by-products, non-selective, and no need 
of additional chemicals (Marugán et al., 2010). The commercial application of 
photocatalytic process is, however, hindered by two main reasons: the 
recovery of nano-particle catalyst and the low efficiency in the use of radiation 
(Marugán et al., 2006). 
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2.2.3 Microbial repair 
Many bacteria have enzyme systems that could repair damage caused by UV 
light. High UV dose is required to achieve a given degree of inactivation of 
bacteria because of their post-UV repair capability. One interesting finding in 
recent studies is that photocatalytic process could repress bacteria repair 
(Shang et al., 2009b). In Shang et al’s study, the extent of photoreactivation 
and dark repair after photocatalytic process was investigated and results 
showed that for three selected bacteria (E.coli ATCC 15597, ATCC 11229 and 
locally isolated fecal coliform bacteria), photoreactivation occurred and 
bacteria concentration increased to approximately 20 times higher than that 
obtained right after UVC irradiation. However, with the provision of 1 mg/L 
TiO2 in suspension during UVC irradiation, photoreaction was repressed and 
the bacterial concentration only increased to less than two times higher than 
that obtained right after UVC irradiation. They also proved that the repressive 
effect did not require the presence of TiO2 after the photocatalytic process. 
While in another study for photocatalytic disinfection process using solar light 
as UV illumination source, compared to an increase of bacteria concentration 
to almost two-orders of magnitude higher than those observed at the beginning 
of the irradiation, the bacteria concentration continued to decrease in the dark 
to undetectable levels after the removal of UV illumination (Rincón and 
Pulgarin, 2004). Considering the photocatalytic disinfection mechanism, some 
microorganisms with damaged DNA are still alive with metabolic functions 
(USEPA, 2003), it is possible that some of them are able to repair the DNA 
damage caused by previous photocatalytic process while some of them cannot. 
It is essential to ascertain the minimum extent of damage caused by 
photocatalytic process to fully suppress bacteria repair. However, this kind of 
data is still limited and study is needed to be further performed. 
To better illustrate the bacteria repair mechanism. The two main types of 
bacteria repair - photoreactivation and dark repair (Carp et al., 2004) will be 
discussed in the following:  
 




Photoreactivation is a direct reversal of DNA damage process where under the 
irradiation of light within a wavelength range of 330–480 nm, a specific 
enzyme-photolyase, in microorganisms are able to be activated which could 
split cyclobutane pyrimidine dimmers (CPD) in order to repair the damaged 
DNA (Walker, 1984). Photoreactivation has attracted more interests compared 
to dark repair because it may dramatically decrease the efficacy of disinfection 
processes when the treated water is exposed to light after disinfection 
treatment. The quantitative determination of photoreactivation is of great 
importance to calculate the minimum UV dose required to compensate the 
potential recovery in advance (Oguma et al., 2004). Photolyase plays the most 
important role in the photoreactivation process and its function is shown in 
Figure 2.2. When exposed to UV radiation, a thymine dimer is formed in DNA 
segments. Photoreactivation is initialized when the photolyase is attached to 
the thymine dimmer and to form a phtolyase-pyrimidine complex. After that, 
photolyase absorbs light and uses the energy to cleave the thymine dimmer. 
Finally, the photolyase is released and the damaged DNA segment is repaired. 
The above process is repeated rapidly in the cells. Photoreactivation is very 
fast in spite that very small numbers of photolyase present in a single cell. 




Figure 2.2-Photoreactivation reverses DNA damage (Friedberg, 2003) 
(2) Dark repair 
Another important DNA repair mechanism is dark repair. Dark repair is also 
called nucleotide excision repair which is able to remove a wide variety of 
lesions in DNA without exposure to illumination. Dark repair requires 
coordination of various groups of proteins/enzymes to repair the damaged 
DNA segment (Shang et al., 2009a). According to the “Ultraviolet disinfection 
guidance manual” (USEPA, 2003), the forms of dark repair include excision 
repair, recombinational repair, and inducible error prone repair. The most 
common form of dark repair is excision repair, which is an enzyme-mediated 
process (USEPA, 2003). The dark repair steps start with the recognition of 
DNA damage by the repair endonnuclease enzyme. After recognition, the 
damaged DNA strand is cleaved by the repair endonnuclease enzyme. The 
damaged DNA segment is excised by exonuclease enzyme. The excised 
segment is re-built by DNA polymerase using the complementary strand as a 
template. Polynucleotide ligase rejoins the severed strand. 
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In most cases, photoreactivation are found faster than dark repair (Chan and 
Killick, 1995; Liltved and Landfald, 1996). However, the degrees of 
photoreactivation and dark repair may vary among different microorganisms 
and depend on different reaction conditions. Both of photoreactivation and 
dark repair after disinfection processes can pose a serious potential health risk 
to human and animals. As both types of repair are based on series of enzyme 
systems, once the enzyme systems have been damaged by photocatalytic 
process, bacteria might lose the capability of repair (Rincón and Pulgarin, 
2004). 
2.3 Photocatalytic process 
Photocatalytic process is a series of photo-induced reactions which are 
accelerated by the presence of photocatalyst (Carp et al., 2004). It is 
characterized by a free radical mechanism initiated by the interaction of 
photons having sufficient energy (no less than the band-gap energy of the 
photocatalyst) with the pollutant compounds (Gogate and Pandit, 2004). A 
number of previous research (Hoffmann et al., 1995; Herrmann, 1999; 
Bhatkhande et al., 2002) have discussed the chemical effects of various 
variables, degradation mechanism and other fundamentals of photocatalytic 
process. The application of photocatalyic process for water and wastewater 
treatment mechanism and the operational factors will be discussed in the 
following sections.   
2.3.1 Application of photocatalytic process for water and wastewater 
treatment-degradation and disinfection 
Among various AOPs, photocatalytic technology has been proved to be an 
effective and highly efficient method for water treatment and has become a 
great interest for researchers (Augugliaro et al., 2006). Photocatalytic 
degradation of organic pollutants was most widely investigated in the last 
decades. Frank and Bard (1977) for the first time reported the application of 
sunlight for photocatalytic oxidation of CN− and SO32- using TiO2 as catalyst 
in water samples. After that, Izuml et al.’s finding about photocatalytic 
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oxidation of hydrocarbons in oxygen-containing aqueous TiO2 suspensions 
had attracted more interest to TiO2-based photocatalytic process for water 
treatment (Izumi et al., 1980). The organic compounds that have been proved 
able to be effectively degraded by photocatalytic process cover a wide range 
including aldehydes (Kim et al., 2007a), carboxylic acids (Singh et al., 2007), 
oxalic acid (Barka et al.), chloroanilines (Chu et al., 2007), chlorophenols 
(Elsalamony and Mahmoud), dyes (Daneshvar et al., 2003), ethers (Zang and 
Farnood, 2005), fungicides (Wen et al., 2000), herbicides (Fenoll et al., 2013), 
ketones (Lu et al., 2007), phenolics (Guo et al., 2006), pharmaceuticals 
(Klavarioti et al., 2009; Elmolla and Chaudhuri, 2010) and polymers (Cho and 
Choi, 2001). A more detailed application of TiO2 mediated photocatalytic 
degradation for different organic compounds was also summarized elsewhere  
by Gaya and Abdullah (Gaya and Abdullah, 2008). In those studies, the 
degradation pathway and the mineralization has been widely investigated for a 
large number of organic contaminants (Chen et al., 2005b; Gaya and Abdullah, 
2008).  
Nowadays, interest has also been directed to the application of TiO2 mediated 
photocatalytic technology for water disinfection. The first photocatalytic 
disinfection was reported by Matsunaga et al.. In their study, microbial cells 
could be killed by contact with TiO2-Pt catalyst under 60 to 120 min near-UV 
illumination (Matsunaga et al., 1985). This finding presents a new researching 
direction for disinfection and leads to numerous photocatalytic disinfection 
studies after that. A wide spectrum of microorganisms including viruses, 
bacteria, fungi, algae, and cancer cells were selected to  investigate the 
disinfection performance of photocatalytic process (Blake et al., 1999). One of 
the main detrimental drawbacks of photocatalytic disinfection process is DNA 
repair which results in microorganisms’ recovery after irradiation. Many 
microorganisms (including E.coli) have been proved to have the ability to 
repair their DNA damage by either photoreactivation or dark repair processes 
(Nebot Sanz et al., 2007). Such microorganisms, if discharged with WWTP 
effluent, can pose a potential adverse threat to human health. The 
photoreactivation/dark repair phenomenon also indicates a potential 
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disadvantage of photocatalytic disinfection technology for water treatment 
applications due to the reduced overall disinfection efficiency (Weinbauer et 
al., 1997; Oguma et al., 2001). With the development of UV radiation sources 
and improvement of photocatalytic technology, the phenomenon of 
microorganism reactivation could be thoroughly investigated and understood 
in order to increase the whole disinfection efficiency and guarantee a safe 
WWTP effluent discharge.  
To sum up, photocatalytic technology for water treatment is still in its research 
stage because some significant problems have not been solved yet which may 
limit the large-scale industrial applications with high-efficient oxidation 
performance. For the sake of industrialization, further fundamental research 
and development is required to improve photocatalytic technology and make it 
a cost-effective water treatment technology. For example, highly efficient 
catalyst and high power, low-cost UV light sources are in need. Further, the 
downstream catalyst recovery problem should be solved either by 
immobilization method or by the introduction of a cost-effective separation 
process. In addition, photocatalytic reactor should be designed to maximize 
the utilization of photons generated by UV lamps. The repression of 
microorganism repair is another issue for future applications. 
2.3.2 Mechanism of photocatalytic process 
2.3.2.1 Photocatalytic degradation mechanism 
It has been well demonstrated that when TiO2 is illuminated by light with 
irradiation energy greater than the band gap energy (Ebg ) of the catalyst (in 
case of anatase-phase TiO2, Ebg = 3.2 eV) (Daneshvar et al., 2004), electrons 
are promoted from the valence band to the conduction band to give electron-
hole pairs as shown in Figure 2.3 and Equation 1. 




Figure 2.3- Schematic representation of the mechanism of photocatalytic 
process (photochemical activation and electron-hole formation) (Tang et 
al., 2003) 
 
TiO2 hv ,λ<385𝑛𝑛𝑛𝑛�⎯⎯⎯⎯⎯⎯⎯⎯�TiO2 (ecb− + hvb+ )     Equation 1 
These photo-generated electrons and holes are not stable that the majority of 
them recombine with the liberation of heat as shown in Equation 2. For the 
application of photocatalytic process, the recombination of conduction band 
electrons and valence band holes must be minimized as much as possible to 
increase the efficiency of photon utilization. 
ecb− + hvb+ → heat       Equation 2 
The photo-generated valence band holes and conduction band electrons can 
also migrate to the surface of TiO2, where they further react with species (such 
as H2O, O2, organic compounds and other species) adsorbed on the TiO2 
surface as the following equations (Yang et al., 2008): 
hvb+ + H2O → H+ +∙ OH      Equation 3
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hvb+ + OH− →∙ OH       Equation 4 
hvb+ + organics → products      Equation 5 
ecb− + O2 → O2− ∙       Equation 6 
ecb− + organics → products      Equation 7 
In Equations 3 and 4, hydroxyl radicals (∙ OH) are produced on the surface of 
TiO2 by the reaction of valence band holes with adsorbed H2O  and OH− . 
Hydroxyl radical is a strong oxidizing agent owing to its high reactivity with 
organic and inorganic molecules (Steenken, 1987). It has an oxidation 
potential of 2.8 V which grants it higher potential to achieve more effective 
oxidation reactions as compared to that using some other well known oxidants 
such as hydrogen peroxide (E=1.77 V) (Haynes, 2012-2013). It is generally 
accepted that hydroxyl radical is the most dominating oxidant in 
photocatalytic process, and it has been proved by electron spin resonance 
spectroscopy that hydroxyl radical is the most abundant intermediate in 
aqueous TiO2 reaction solutions (Jaeger and Bard, 1979). As shown in 
Equations 3 and 4, hydroxyl radical can be generated by the valence band 
holes. It could also be generated by other intermediates such as hydrogen 
peroxide and OH- by the following equations : 
𝐇𝐇𝟐𝟐𝐎𝐎𝟐𝟐 + 𝐞𝐞− → 𝐇𝐇𝐎𝐎− + 𝐇𝐇𝐎𝐎 ∙      Equation 8 
𝐎𝐎𝐇𝐇− + 𝐎𝐎𝟐𝟐 → 𝐇𝐇𝐎𝐎 ∙ +𝐎𝐎𝟐𝟐−      Equation 9 
Hydroxyl radical has an extremely high reaction rate (k=107~1010 M-1s-1) with 
organic pollutants. Among the free radicals produced during photocatalytic 
process, hydroxyl radical has been reported to be the dominate oxidant that 
controls the whole pollutant degradation efficiency in photocatalytic process 
(Sievers, 2011b). In the whole photocatalytic degradation process, the rate-
determining step is the adsorption of hydroxyl radicals and the target 
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compounds, and the following reactions between them (Chen and Ray, 1998; 
Daneshvar et al., 2004). Accordingly, hydroxyl radicals as much as possible 
are favored to be generated on the catalyst surface in order to increase the 
whole photocatalytic reaction efficiency. Less hydroxyl radicals are not in 
favor of fast photocatalytic reactions.  
The generated radicals (hydroxyl radicals, superoxide radical anion and other 
oxidants) can further mineralize organic compounds and their intermediates to 
the final products (H2O and CO2) as shown in Equations 10 and 11.  
organics + (∙ OH, O2− ∙, etc. ) → final products             Equation 10 
intermediates + (∙ OH, O2− ∙, etc. ) → final products            Equation 11 
The photo-generated conduction band electron (ecb− ) can be trapped by the 
adsorbed oxygen to form superoxide ion (∙ O2−) as shown in Equation 6. The 
adsorption of oxygen molecules by catalyst surface can hinder the photo-
generated electrons and holes recombination. Therefore the oxygen coverage 
is important which can determine the whole photocatalytic process efficiency 
and the formed ∙ OH radical concentration on the catalyst surface (Augugliaro 
et al., 1993).  
Generally speaking, photocatalytic degradation process is a series of step by 
step oxidation process by radical attacks. It first degrades the parent organic 
pollutant into various intermediates. The intermediates then go through the 
following series of degradation processes and eventually achieve complete 
mineralization. Take the photocatalytic degradation of sulfa pharmaceuticals 
for example, the addition of hydroxylation was considered as the predominant 
degradation route (Yang et al., 2010b). Then generated intermediates went 
through following degradation processes which finally degrade them to end 
products as shown in the Figure 2.4: 




Figure 2.4- The proposed pathways of photocatalytic degradation of sulfa 
pharmaceuticals 
2.3.2.2 Photocatalytic disinfection mechanism 
The photocatalytic disinfection mechanism has been studied by many 
researchers. The mechanisms that lead to the death of microorganism are still 
under discussion. Generally speaking, the photocatalytic disinfection process 
includes two main mechanisms: (1) direct interact by UV radiation and (2) 
photochemical oxidation by produced reactive radicals. 
(1) Direct interact by UV radiation  
UV radiation is the region of electromagnetic spectrum that lies between x-
rays and visible light as shown in Figure 2.5. According to the “ultraviolet 
disinfection guidance manual” (USEPA, 2003), the UV spectrum can be 
divided into four main regions- vacuum UV with wavelength from 100 to 200 
nm, UVC with wavelength from 200 to 280 nm, UVB with wavelength from 
280 to 315 nm and UVA with wavelength from 315 to 400 nm. Vacuum UV 
was found effective in disinfection of microorganisms but it is impractical for 
water treatment because it can be strongly absorbed by water and air. UVC 
and UVB radiations are applied more for disinfection of microorganisms due 
to their higher energy levels, which makes them possible to penetrate deeply 
into the cells and cause maximum damage. The germicidal ability of UVA 
radiation is relatively small compared to UVB and UVC. Therefore, longer 
exposure time is required for UVA radiation to achieve maximum disinfection. 




Figure 2.5- Electromagnetic spectrum (USEPA, 2003). 
Among those various UV wavelength regions, UVC is most interested for 
water disinfection and it is known as the germicidal wavelength. This is 
probably because microorganism molecules have strong absorbance ability for 
this region of UV radiation. The application of UVA is also a hot topic in 
recent years due to the development of semiconductor photocatalysts which 
could be activated under UVA radiation. The germicidal mechanism of direct 
UVC and UVA radiations are quite different and will be discussed in the 
following paragraphs. 
For UVC disinfection, as the photons reach the cells, they penetrate the cell 
wall or membranes and react with the intracellular target molecules such as the 
deoxyribonucleic acid (DNA), ribonucleic acids (RNA) and enzyme 
components. The energy from the photons is absorbed by the intracellular 
molecules which result in lesions in the genomic DNA or RNA of the 
microorganisms. The major lesions are cis–syn cyclobutane pyrimidine dimers 
(CPD) (Shang et al., 2009a). It has been proved that compared to cytosine 
dimmers and cytosine-thymine dimmers, the adjacent thymine nucleotides are 
most likely to form CPDs which was commonly referred to as thymine–
thymine dimmers (Kohen et al., 1995). The thymine–thymine dimmer linkage 
prohibits DNA replication and thus stops microorganism reproduction.   
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Damage caused by UVC radiation to DNA or RNA does not prevent cell 
metabolism and other cell functions according to “Ultraviolet Disinfection 
Guidance Manual” (USEPA, 2003). Microorganisms may be still alive after 
exposure to UVC radiation, but they already cannot reproduce. To completely 
kill the microorganisms, the UV dose required are more than orders of 
magnitudes as compared to that required to inhibit reproduction. 
For UVA radiation, although it is not being strongly absorbed by DNA, it can 
still produce damage to microorganisms either directly or indirectly. 
According to the guide of “Solar Water Disinfection” (EAWAG, 2002), the 
UVA radiation has a lethal effect on human pathogens existing in water, it can 
directly interact with the DNA, nucleic acids and enzymes of the living cells, 
change their molecular structure and finally lead to cell death. UVA radiation 
can also inactivate microorganisms by exciting photosensitive molecules 
inside them to produce active species (such as superoxide, hydrogen peroxide 
and the hydroxyl ion). The produced active species can further damage the 
DNA, RNA, protein and other intracellular molecules to bring about lethal and 
sub-lethal effects, such as mutations and growth delay (Jagger, 1981). This 
mechanism has been proved by a recent study (Berney et al., 2006). In their 
study, UVA radiation was able to increase the concentration of highly reactive 
oxygen species which was proposed as responsible for the cellular membrane 
damage and growth delay. In other studies, UVA radiation was found able to 
cause damage to photolyase which is the main enzyme for the repair of CPDs 
in the photoreactivation process (Oguma et al., 2004). The results also indicate 
a potential advantage of UVA radiation that less photoreactivation would 
happen following the UVA disinfection process due to the damage of 
photolyase by UVA radiation. 
However, UVA is generally thought to be a less germicidal wavelength 
compared to UVC. As a result, the application of UVA disinfection has not 
been thoroughly examined.  
(2) Photochemical oxidation by produced reactive radical. 
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In year 1985, it was for the first time proposed that the direct photochemical 
oxidation of intracellular coenzyme A (CoA) to its dimeric form was the main 
cause of decreases in respiratory activity that leads to cell death (Matsunaga et 
al., 1985). In another study (Maness et al., 1999), the membrane and cell wall 
of microorganism were found disrupted in the presence of irradiated TiO2, as 
proved by the change of cell permeability and the leakage of intracellular K+. 
It was suggested that the damage of cell wall may take place prior to the 
damage of cell membrane. More recently, it was pointed out that TiO2 
photocatalysis promoted the peroxidation of cell membrane phospholipids 
which is the main reason for the cause of major disorders in the cell membrane 
(Maness et al., 1999). The change of cell permeability can subsequently allow 
free efflux of intracellular constituents. In addition, some of the free small 
TiO2 particles can even pass through the cell wall and cytoplasmic membrane 
to directly attack the intracellular components such as protein and DNA which 
eventually cause cell death.  
If given enough reaction time, the photocatalytic process has the ability to 
mineralize most of the organic compounds which constitute microorganisms 
(Dalrymple et al., 2010). The main components that constitute microorganisms 
include water, sugars, amino acids, nucleotides and other macromolecules 
such as proteins, nucleic acids (DNA and RNA) and lipopolysaccharide. 
Photocatalytic process has been proved to be capable to cause serious damage 
for many of the molecules which constitute the microorganisms. For example, 
if treated in isolation, certain amino acids and DNA could be seriously 
damaged by photocatalytic process even in very short reaction time (five 
seconds) (Hidaka et al., 1997; Yang and Wang, 2008). 
The photocatalytic disinfection for intact bacteria takes place following two 
steps: (1) the initial low-speed inactivation step and (2) the following high-
speed inactivation step. However, for bacteria spheroplasts without cell walls, 
only one single step was found, revealing that in photocatalytic inactivation 
process, cell wall can act as a barrier for bacteria (Sunada et al., 2003). In 
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Figure 2.6, the response of intact cell and spheroplast under photocatalytic 
process was shown.  
 
Figure 2.6- Survival of the intact cells and the spheroplasts of E.coli using 
photocatalytic process (Sunada et al., 2003) 
2.3.3 Affecting factors for photocatalytic process 
2.3.3.1 Effect of light intensity 
Photocatalytic process is initiated by the incident photons. To achieve a high 
photocatalytic reaction rate, high light intensity is in favor. A linear 
relationship has been found between the organic pollutant degradation rate and 
light intensity at low intensity level (Daneshvar et al., 2004). In their study, the 
degradation rate of Acid Red 27 was found dramatically enhanced under high 
light intensities. They pointed out that at this low intensity level, the linear 
relationship was because of the electron-hole pairs were consumed more 
rapidly by chemical reactions than by recombination. A similar finding was 
also reported by Terzian and Serpone (1995) where at low intensities, h+ 
trapping competed effectively with electron-hole recombination and the 
photocatalytic degradation rate of xylenols was in linear relationship with light 
intensity. At high light intensity levels, however, the expected rate-limiting 
factor was mass transfer and the linear dependency of reaction rate on light 
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intensity changed to square-root dependency above certain threshold values 
(Konstantinou and Albanis, 2004; Chong et al., 2010). If the light intensity 
increased even higher, the dependency of the photocatalytic reaction rate on 
light intensity would decrease to zero. This phenomenon is due to the limited 
catalyst surface which has been saturated under such high light intensities.  
The role of light intensity in photocatalytic disinfection process is slightly 
different. An increase of E.coli inactivation rate in presence of TiO2 have been 
found with the increasing of light intensity (Rincón and Pulgarin, 2003). 
Low/high light intensity levels also have effect on bacteria inactivation as 
investigated by Chen et al. (2011). In their study, at lower light intensities, 
there existed an induction period at the beginning of photocatalytic 
disinfection process indicating that bacterial self-defense is working and 
protecting bacteria themselves. At higher light intensities, however, the 
induction period could disappear indicating the self-defense did not function 
well at high light intensities. From this point of view, high level light intensity 
is in favor of inactivation. 
2.3.3.2 Effect of catalyst loading 
Catalyst loading, in addition to light intensity, plays an important role in the 
photocatalytic process. In previous studies, either in a fixed film or slurry 
photocatalytic systems, the initial reaction rate were found to be proportional 
to the catalyst loading and approaching a limiting value at higher catalyst 
loadings (Sauer et al., 2002; Zang and Farnood, 2005; Behnajady et al., 2006). 
The enhancement in reaction rate could be explained by the increased number 
of available catalyst surface. The optimum catalyst loadings for photocatalytic 
degradation and disinfection are varied and depend on other working 
conditions such as photocatalytic system dimension and design. In most 
studies, the enhanced degradation rates were found with a catalyst dosage up 
to 300~500 mg/L (Grzechulska and Morawski, 2002; Chakrabarti and Dutta, 
2004; Daneshvar et al., 2004). The photocatalytic reaction rate stayed 
relatively stable with further increase of catalyst concentration.  As explained 
by Daneshvar et al. (2004), a further increase in catalyst loading could 
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increase the turbidity of water samples. UV light scattered and reflected during 
the transport from light source to increased catalyst surface thus could 
decrease the passage/penetration of irradiation through the solution. In 
addition, the agglomeration and sedimentation of catalyst particles at high 
catalyst loading levels were another reason for the hindered photocatalytic 
reaction rate (So et al., 2002). Under this condition, some of the catalyst 
surface would be unavailable for either photon adsorption or target pollutant 
adsorption, thus further addition of catalyst would not help increase the 
photocatalytic reaction rate. 
The optimum catalyst loading should be applied during a photocatalytic 
process. This could not only help avoid unnecessary waste of catalyst, but also 
efficiently use the total incident photons available.  
2.3.3.3 Effect of initial pollutant concentration 
 In addition to the effects of light intensity and catalyst loading, the water 
sample properties such as initial pollutant concentration, also influence the 
photocatalytic process.  
It has been reported that the photocatalytic reaction rates for both degradation 
(Konstantinou and Albanis, 2004) and disinfection (Chong et al., 2011) first 
increased with initial target pollutant concentration to a certain level and later 
decreased with further increase of initial pollutant concentrations. As 
suggested by Konstantiou and Albanis, the reaction rate of photocatalytic 
process depends on the hydroxyl radical formation and the probability of the 
generated hydroxyl radicals reacting with target pollutants. The increase of 
target compounds at initial low concentration level increases this probability 
and thus could lead to an enhancement in the photocatalytic reaction rate. 
Further increase of initial target compound concentration, however, could 
occupy and cover the surface of catalyst thus hinder the generation of 
hydroxyl radicals. Another reason is that the target pollutants themselves are 
able to compete with catalyst and absorb the limited available photons. Hence, 
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further increase of initial pollutant concentration would lead to a decreased 
photocatalytic reaction rate. 
2.3.3.4 Effect of external electron acceptor-H2O2 
The introduction of external electron acceptors such as H2O2 into 
photocatalytic process could significantly improve the photocatalytic reaction 
efficiency. H2O2 is an important precursor for the production of hydroxyl 
radical (Chen et al., 2001; Yang et al., 2008). It can either produce hydroxyl 
radical by reacting with the adsorbed superoxide radical anion or with the 
conduction band electron following to the following reactions: 
H2O2 +∙ O2(ads )− →∙ OH + OH− + O2               Equation 12 
H2O2 + ecb− →∙ OH + OH−                Equation 13 
By trapping the photogenerated electrons as in equation 13, the addition of 
H2O2 could prevent the photogenerated electron-hole pair recombination 
process. In addition, H2O2 could react with some photocatalytic intermediate 
such as O2− ∙ and generate hydroxyl radicals which is shown in equation 14 
(Wu, 2008). Accordingly, the introduction of H2O2 could accelerate the 
photocatalytic process either by increasing hydroxyl radical concentration or 
by trapping photogenerated electrons. The enhancing effect of H2O2 on 
photocatalytic process was proved by Behnajady et al. (2006) for 
photocatalytic degradation of AY23. In their study, the photocatalytic 
decolorization percent of AY23 increased with the increasing of H2O2 
concentration from 0 to 0.6 g/l. 
H2O2 + O2− ∙→∙ OH + OH− + O2               Equation 14 
With further increase of H2O2 concentration, however, the photocatalytic 
reaction rate declines because excessively high concentration H2O2 could act 
as hydroxyl radical scavengers as shown in equation 15 (Behnajady et al., 
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2006). Hydroxyl radicals are transferred to hydroperoxyl radicals which have 
lower oxidation potential than hydroxyl radicals. It has been reported that the 
photocatalytic degradation rate of reactive dyes went through a maximum 
when increasing H2O2 concentration in the range of 0~1 g/l. The maximum 
rate was found at the H2O2 concentration of 0.1 g/l. After that, the degradation 
rate decreased dramatically from a maximum rate of 45 mg/(l∙min) to as low 
as 10 mg/(l∙min) (Sauer et al., 2002). In this point of view, to increase the 
photocatalytic process by adding H2O2, proper amount is an essential issue.  
H2O2 +∙ OH → HO2 ∙ +H2O                    Equation 15 
2.3.3.5 Effect of periodic illumination 
Low photonic efficiency currently prevents the application of photocatalytic 
technology for large-scale water treatment (Gupta et al., 2012). This is because 
during photocatalytic process, the photo-generated hole-electron pairs are very 
easy and fast to recombine instead of reacting with pollutants in the system 
(Sun et al., 2002; Zang and Farnood, 2005). Efforts to increase the photonic 
efficiency and degradation rate have never been stopped (Helmut, 1994; 
Catherine et al., 2001; Wang et al., 2002; Medina-Valtierra et al., 2005; 
Serpone et al., 2005; Muruganandham et al., 2007). For example, some of the 
interests focused on the control of operational conditions like catalyst 
concentration, light intensity, pH value and temperature (Catherine et al., 2001; 
Xiong and Hu, 2012). In addition, controlled periodic illumination (CPI) was 
also found a good method to improve photonic efficiency in photocatalytic 
process (Sczechowski et al., 1993b, 1995; Buechler et al., 1999a; Buechler et 
al., 1999d).  
Compared with traditional LP, MP mercury lamps and other UV radiation 
sources, one of  the most significant advantage is that UV/LED could be 
turned on and off efficiently, especially on ms time-scale. Previous studies 
(Buechler et al., 1999b; Cornu et al., 2003; Chen et al., 2007a) have indicated 
that light emitted from LEDs with periodic illumination is more efficient than 
that emitted from xenon flash lamp. The controlled periodic illumination 
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produced by UV/LED can significantly increase the photonic efficiency for 
photocatalytic process which is of great benefit for the large-scale industrial 
photocatalytic process applications. As shown in Figure 2.7, compared to 
continuous illumination, the photonic efficiency of photocatalytic process 
were constantly higher under controlled periodic illumination conditions with 
the same light intensity (Chen et al., 2007b).  
 
Figure 2.7- A comparation of photonic efficiency of photocatalytic process 
under continuous illumination mode and periodic illumination mode 
(Chen et al., 2007b). 
In another study, controlled periodic illumination was reported to affect the 
photonic efficiency for formate oxidation (Sczechowski et al., 1993a). And 
there was a 5-fold increase in the photonic efficiency in concentrated TiO2 
aqueous slurries by using a 72 ms illumination time and 1.45 s dark time 
cycles. Their study also proposed that the photonic efficiency in aqueous TiO2 
suspensions under periodic illumination was not limited by mass diffusion or 
by adsorption, but by carrier recombination. As in the photocatalysis process, 
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only the first step requires the existence of light, once the UV/LED lamps are 
turned off, the activated electrons on the catalyst surface come back to the 
valence band holes, leaving some hydroxyl radicals and various intermediates 
generated during previous illumination time which could continue the 
following degradation reactions. It is believed that controlled periodic 
illumination could increase the efficiency of photons application in 
photocatalytic process and make this process more cost-effective and energy 
saving. 
2.3.4 UV radiation sources 
As mentioned in section 2.3.2.2, the UV spectrum could be divided into four 
bands: UVA (315~400 nm), UVB (280~315 nm), UVC (200~280 nm) and 
vacuum UV (100~200 nm). Among these bands, UVA and UVC are most 
generally used in environmental applications. Considering the band gap 
energy of TiO2 (3.2eV in case of anatase), UV light with a wavelength shorter 
than 387 nm has the power to activate TiO2. Which means most UVA region 
and all UVC region can be applied for photocatalytic process as UV radiation 
light. The UV radiation sources could be either natural source from the sun or 
artificial sources from various UV lamps. 
2.3.4.1 Natural UV radiation source 
A major natural source of UV radiation is solar energy. The sunlight at the top 
of earth’s atmosphere covers a wide range mainly including (by total energy) 
infrared light (50%), visible light (40%), ultraviolet light (10%), and even a 
small portion of X-rays and radio waves (Fu, 2003). However, when the solar 
light travel from the sun through the atmosphere to the earth ground, nearly 
half of it is scattered, reflected or absorbed by the earth-atmosphere system, 
only less than 49% of the total solar radiation can reach the surface of earth 
(Pidwirny and Vranes, 2010). Furthermore, most of the ultraviolet radiation in 
solar light is absorbed by the ozone gas in the stratosphere, only a little (3~5%) 
ultraviolet light radiation can reach the ground and be available for 
photocatalytic applications (Wang et al., 2009). Hence, the efficiency of solar 
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irradiation for water treatment is relatively low which requires a long time 
exposure (a few hours or even a couple of days) to achieve satisfied 
degradation or disinfection performance. To increase the utilization efficiency 
of solar light in photocatalytic water treatment process, the most applied 
method is to modify the photocatalyst surface in order to extend their 
responding range to solar light (Wang et al., 2009). Due to the advantage of 
the abundent free natural resource especially for 
underdevelopment/developing countries, the research for application of solar 
energy has never been stopped till now and will continue to increase in the 
future.  
2.3.4.2 Artificial UV radiation source 
The main artificial UV radiation sources are concluded in Table 2.2, together 
with their characteristics and applications for photocatalytic 
degradation/disinfection process. 
Table 2.2- A summary of the main artificial UV radiation sources in the 
literatures 





Mostly at 254 nm, with 
only 5 to 10 percent of the 
output at 185 nm (USEPA, 
1998). 
For the photocatalytic 
treatment of polluted river 
water coupled with a 






Light spectrum are from 
200~600 nm. The lamps 
can be constructed to emit 
UVA or UVC. 
For the photocatalytic 
decomposing of formic acid 
(Pipelzadeh et al., 2009). 






Produce lights of many 
wavelengths including 
visible light. Commonly 
used for general lighting 
purpose. 
For photocatalytic 
decolorization of ethyl orange 
at various buffer solutions 
(Montazerozohori and 
Jahromi, 2012).  
For photocatalytic disinfection 
of E.coli by Ag-TiO2 /UV 
system (Sökmen et al., 2001). 
Electrode-less 
lamp 
The power is transferred 
from outside the lamp 
envelop to inside via 
electromagnetic fields to 
generate light. It has 
extended lamp life and 
higher efficiency to 
produce light compared to 
typical electrical lamps. 
For the photocatalytic 
destruction of propylene (Bae 
and Jung, 2010). For 
photocatalytic degradation of 
methylene blue (Hong et al., 
2006). 
To investigate the roles of 
active oxygen species in 
photocatalytic degradation of 
azo (Zhang et al., 2008a). 
Metal halide 
lamp 
Gas discharge lamp. 
Similar to mercury vapor 
lamps but contain 
additional metal halide 
compounds in the arc tube 
(Hordeski, 2004). 
For the photocatalytic 
degradation of resorcinol 
(Chen et al., 2012). 
Xenon arc 
lamp  
Gas discharge lamp that 
produces light by passing 
electricity through ionized 
xenon gas at high pressure. 
For the photocatalytic 
reduction of Cr(VI) (Idris et 
al., 2012).  
For the photocatalytic 
inactivation of E.coli by 
natural sphalerite suspension 
(Chen et al., 2011).  
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UV laser Based on the luminous 
principles, UV lasers can be 
divided to UV gas lasers, 
laser diodes and UV solid-
state lasers.  
For photocatalytic 
decomposition of 
Sulforhodamine B on GaN 
thin films under pulsed UV 
laser irradiation (Gondal et al., 
2011).  
UV/LED Light-emitting diodes that 
can emit a narrow spectrum 
light by a process called 
electroluminescence (Wang 
and Ku, 2006). 
For photocatalytic degradation 
of dyes using coated quartz 
tube (Natarajan et al., 2011). 
 
1) LP and MP mercury vapor lamps 
Among the various artificial UV radiation sources, LP and MP mercury vapor 
lamps are most generally applied for full-scale water treatment applications 
(USEPA, 2003). LP and MP mercury vapor lamps are both gas discharge lamp. 
Their radiation production principle is quite similar: using an electric arc 
through vaporized mercury to produce light. To be more precise, with the 
stimulation of electric current, mercury vapor atoms are excited which can 
cause the collision between the excited atoms and the electrons in the electric 
current. The excited mercury atoms have higher energy levels but not stable. 
When the excited atoms return to lower and stable energy levels, the excess 
energy is released in the form of radiation or heat (Watson, 2008). Thus UV 
radiation is generated. The wavelength generated depends on the concentration 
of mercury atoms which is determined directly by the mercury vapor pressure 
(USEPA, 2003). For LP lamps, the mercury pressure is low (around 2 × 10−5 
to 2 × 10−4  psi), the mercury concentration is also low that the distance 
between collisions is relatively long. The excess energy released results in the 
emission of electromagnetic energy at 253.7 nm and 185 nm for LP lamps. 
MP lamps have higher mercury pressure (2~20 psi) where greater collision 
frequency could occur. When the atoms return to the lower stable energy 
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states, radiation with several wavelengths both in UV region and visible light 
region can be generated. The spectrum of LP and MP lamps are shown in 
Figure 2.8.  For designing a UV reactor, the guaranteed lives of LP and MP 
lamps are 8,000~12,000 hours and 4,000~8,000 hours, respectively. Due to the 
high germicidal efficiency, long lamp life and high power output, LP and MP 
mercury vapor lamps are widely used for UV-related applications. While there 
are still limitations existed for mercury lamps. For example, more lamps are 
needed for a given application if LP lamps are used. As for MP lamps, in spite 
of their higher power compared to LP lamps, they have a relatively shorter 
lamp life and lower electrical efficiency to generate germicidal UV radiation. 
 




Figure 2.8- UV output of LP (A) and MP (B) mercury lamps (Sharpless 
and Linden, 2001). 
2)  Xenon arc lamp 
Another artificial UV radiation source that is worth mention should be the 
xenon arc lamp. In a xenon arc lamp, mercury is replaced by high purity xenon 
gas to serve as the excitation element. Xenon is less hazardous to environment 
compared to mercury and xenon pressure is usually in the range of 50~100 
kPa (equivalent to 7.25~14.5 psi). Xenon arc lamp is also known as the pulsed 
xenon arc or xenon flash lamp because the xenon ions can be excited and it 
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generates more radiation in the UV region when a high-power pulse is applied 
to produce the high-current arc for a few milliseconds or less (Wang et al., 
2005). On the other hand, if xenon arc lamp is powered by continuous current, 
xenon arc is inefficient to generate UV radiation with most radiation generated 
in the infrared region (Meggers et al., 1929). Xenon arc lamps can emit a 
broad spectrum from UV to IR region (185~2000 nm) which is quite similar to 
the sunlight but with a higher power available for water treatment applications. 
The output spectra of commercial xenon lamp (Hamamatsu Corporation, 
Japan) are shown in Figure 2.9. Xenon lamps have high output intensity, high 
stability and long life (around 200~3000 hours depends on individual lamps) 
and they have been applied frequently for water treatment research and 
industries. The disadvantage of the xenon lamp including the high pressure in 
the bulb (Pawley, 2005) and the high requirement for the main power supply. 
The direct current (DC) power supply needs be very stable to ensure the stable 
lamp operation and keep the cathode at the optimal temperature in a xenon 
lamp. Thus, a qualified power supply is significant in order to keep the regular 
operation of xenon arc lamps during their life time. Furthermore, the radiation 
efficiency of xenon lamp is lower compared to mercury lamp (Oppenländer, 
1998). 




Figure 2.9- Spectra of xenon flash lamp with various window materials 
(data from Hamamatsu Inc). 
3) UV/LED lamp 
One of the foremost UV radiation source developments is the UV/LED 
technology. UV/LED is a semiconductor p-n junction device which converts 
current directly into narrow spectrum UV light. UV/LED is forward-biased 
and it produces light by an electroluminescence process (Vilhunen et al., 
2009)-the energy in the form of photons is released during the recombination 
of excited electrons with electron holes. UV/LED is a LED lamp that can emit 
light in UV region. Based on the wavelength of light emitted, UV/LED can be 
generally divided into three groups- UVA/LED, UVB/LED and UVC/LED. 
UVA/LED and UVC/LED are applied more for water purification till now 
compared to UVB/LED. The detailed information for UVA/LED is given in 
section 3.1 and the historical application of UV/LED for water treatment is 
summarized in section 2.2.3. The wavelength of generated light by UV/LED is 
determined by the energy gap of material applied in the electronic 
semiconductor. In order to produce light in the UV region, nitrides containing 
aluminium such as AlGaN and AlGaInN are mostly used for semiconductors. 
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Light emitted by UV/LED has a narrow wavelength range of +/-15 nm at the 
peak wavelength. UV/LED producing near-UV light at wavelength from 
365~405 nm is available in the market with high power values and an 
efficiency rating between 5~25% (IST METZ GmbH, Germany). For shorter-
wavelength LEDs, the 254 nm UVC/LED is commercially available with a 
low power and high price (Shie et al., 2008b). The general rule is that the 
shorter the wavelength, the lower the efficiency and the higher the price. Table 
2.3 compared some characteristics of UV/LED with mostly applied traditional 
LP and MP mercury lamp. 
 Table 2.3- A comparison of UV/LED and traditional LP and MP 
mercury lamps 















Life time (hrs) 8,000~10,000 4,000~8,000 More than 100,000 
Operating 
temperature (℃) 
40 600~900 Room temperature 
with cooling system 
applied. 
Relative number of 
lamps needed for a 
given dose 
High Low High 
Variable format 
lamp 
No No Yes 
Mercury waste Yes Yes No 







By electric current 
change 
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Other artificial UV radiation sources such as electrode-less lamp and UV laser, 
are relatively expensive and their efficiency in converting electrical energy 
into radiation is low. Hence, they are mostly applied in special conditions and 
not widely applied in water treatment processes (Pareek et al., 2008).  
According to the comparison of available UV radiation sources, it is evident 
that no single lamp can represent the best source for all applications. The 
selection of UV radiation sources should consider both specific situation 
requirements and the local economic conditions.  
2.3.5 Photocatalytic reactor configuration 
Even though commercial applications of photochemical reactors are attracting 
more and more attention in recent years, the photochemical reactors, however, 
are probably one of the least well known industrial reactors (Pareek et al., 
2008).  
Photocatalytic water treatment reactors can be generally divided into two 
kinds of  configurations depending on the modes of catalyst application: (1) 
slurry photocatalytic reactor with fine suspended catalyst and (2) fixed-film 
photocatalytic reactor with immobilized catalyst coating on supporting 
materials (Pozzo et al., 2000). The difference between these two 
configurations is that an extra downstream separation/collection process is 
needed to collect the catalyst for slurry reactor while the fixed-film reactor 
does not need which makes the latter capable for continuous operation 
applications.  
(1) Slurry photocatalytic reactor with fine suspended catalyst 
As suggested by Pareek et al. (2008), one of the most significant factor to 
determine the efficiency of a photocatalytic reactor is the light distribution 
within the reactor. The corresponding parameter concerned is described as the 
amount of illuminated catalyst surface per unit of reaction liquid volume 
inside the reactor (Van Gerven et al., 2007). For slurry photocatalytic reactors, 
 Chapter 2 Literature Review 
58 
 
the total surface area of catalyst per unit liquid volume is much larger than that 
in fix reactors. Therefore, a higher oxidation efficiency and better oxidation 
performance is commonly found for photocatalytic process using slurry 
reactors (Alexiadis and Mazzarino, 2005; Madani et al., 2006; Nawi et al., 
2011). To achieve a maximum uniform dispersion of the suspended catalyst in 
a slurry reactor, mechanical/magnetic stirrers are required. In some slurry 
reactor studies, the catalyst slurry were treated with a 10~15 min sonication by 
ultrasonic bath to achieve better dispersion before being exposed to UV 
radiation (Mazzarino et al., 1999). In addition, the pumping of air/oxygen into 
the slurry reaction solution is another way to increase the extent of dispersion. 
Proper aeration can not only help the mixing of reaction solution, but also 
oxygen in the pumped air can serve as strong electron accepters for the photo 
generated conduction band electrons on the catalyst surface and prevent the 
electron-hole pair recombination in photocatalytic process (Villacres et al., 
2003). A typical slurry photocatalytic reactor with aeration is shown in Figure 
2.10. 
  
Figure 2.10- Schematic representation of a typical slurry photocatalytic 
reactor. (1) Black-light blue lamp, (2) pyrex glass inner cylinder, (3) 
black-polyethylene outer cylinder, (4) fused silica windows, (5) stirred 
tank, (6) centrifugal pump, and (7) air injection. The TiO2 slurry 
suspension circulates in the annular space between the two concentric 
cylinders. (Salaices et al., 2002) 
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The most significant detrimental drawback of the slurry photocatalytic reactor 
is the need of downstream catalyst separation. The separation of downstream 
catalyst is important not only because of economical saving by decreasing the 
loss of catalyst and recycling them, but also because of the prevention of new 
environmental pollution caused by catalyst in the wastewater effluent (Yang 
and Li, 2007). There are various methods which have been applied to remove 
the catalyst after photocatalytic process-by downstream settling tank or 
filtration process (cross-flow filtration/membrane filtration) (Chong et al., 
2010). The separation of photocatalyst particle is not easy because of their 
small size (50 µm in case of TiO2, P25) and will increase the economical and 
energy cost of the whole reactor system. In this point of view, unless there is a 
cheap and effective downstream separation method emerged, the large-scale 
application of slurry photocatalytic reactor still has some problems and 
remains un-optimistic.  
Another problem of slurry photocatalytic reactor is the low irradiation 
efficiency caused by the low opacity of the slurry. Especially at high catalyst 
concentrations, the performance of the slurry reactor can be severely affected 
that photons are reflected/scattered by the suspended catalysts. In this case, 
irradiation light cannot reach catalyst deep down in the reaction solution to 
initiate the photocatalytic reactions. And photocatalytic process could only 
happen at surface layer of the slurry that the whole photonic efficiency is 
dramatically decreased. 
(2) Fixed-film photocatalytic reactor with immobilized catalyst coating on 
supporting materials 
For fixed-film photocatalytic reactor, no downstream separation process is 
needed which is of great attraction. On the other hand, the amount of 
illuminated catalyst surface per unit of reaction liquid volume inside fixed 
photocatalytic reactor is very small. Thus, there is a problem for fixed-film 
reactor that mass transfer and photocatalytic reactions are limited over the 
illuminated immobilized layer of catalyst. For a fixed reactor, operation 
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difficulty may be higher compared to a slurry photocatalytic reactor because 
the photon penetration may not be able to cover most single surface site of 
catalyst (Pozzo et al., 1997). According to a study conducted by Kabra et al. 
(2004), a 60~70% reduction in oxidation performance in a fixed photocatalytic 
reactor was found compared to that in a slurry photocatalytic reactor. 
Many kinds of materials have been explored to serve as supporting material 
for photocatalyst using various coating method, which include using dip-
coating method to coat on aluminium surface (Chen et al., 2006), using wash-
coating and screen-printing method to coat on stainless steel and aluminum 
plates, using suspension plasma spraying method to coat on stainless steel and 
glass (Bannier et al., 2011), and using sol-gel dip-coating method to coat on 
soda lime glass (Mor et al., 2006). Generally speaking, fixed catalyst film can 
be obtained by solution routes such as sol-gel method using a high-efficiency 
commercial photocatalyst suspension. The advantage of this method is the 
ease to control the stoichiometry and produce homogeneous films. But the 
resulting film is not stable and very sensitive to the erosion by the flows of 
reaction solution. Furthermore, the fixing precursors can sometimes be 
expensive and the fixing process is relatively long (Carp et al., 2004). Stronger 
and more durable photocatalyst films can be made out by other methods such 
as physical and chemical vapor deposition. However in this case, the resulting 
catalytic activity and crystalline structure of catalyst are hard to control 
(Gogate and Pandit, 2004). A summary of catalyst film coating method and 
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Table 2.4- A summary of catalyst film coating methods and their 
applications for water treatment process 
Coating 
routes 






homogeneity, flexibility, ease 
of processing. It can be divided 
into non-alkoxide route (using 
inorganic salts as starting 
material) and alkoxide route 
(using metal alkoxides as 
starting material).  
For the photocatalytic 
degradation of 
acetaldehyde in water 
using TiO2 film coated 
on nickel substrate 




Hydrothermal reaction can 
happen at low temperature. 
Advantages include high 
degree of crystallization, high 
purity and narrow particle size 
distribution. 
Porous anatase film 














The most commonly applied 
PVD method is thermal 
evaporation, where the catalyst 
is evaporated from a crucible 
and deposited onto a sporting 
material. 
For decomposition of 
methanol to CO2 and 
water by composite 
TiO2/carbon thin film 
prepared by PVD 







A wildly used coating method 
in industry for large surface 
area. Catalyst is formed based 
on a chemical vapor reaction 
or decomposition of precursor. 
Photocatalytic TiO2 
film depositions were 
studied for its 
degradation ability of 
benzene in water 
(Byun et al., 2000).  
 







An aerosol deposition method 
for film preparation. It is based 
on the formation of aerosol 
from a precursor solution. In 
SPD method, diffusion of 
aerosol is a dominant process. 
Advantages include simplicity, 
low cost and reproducibility.  
The prepared 
transparent TiO2 thin 





blue in water (López 








The main advantages include 
the simple experimental setup 
and the possibility of growing 
high quality catalyst film at 
low substrate temperature. 
The TiO2 with anatase 
structure were 
prepared and tested for 
the photocatalytic 
degradation of methyl 
orange in water (Zhao 
and Lian, 2007). 
 
To sum up, from an engineering point of view the immobilized catalyst should 
be favored compared to slurry systems to avoid extra cost caused by 
downstream treatments. On the other hand, the higher efficiency given by the 
slurry photocatalytic system is of great benefit which should not be neglected.  
2.4 Application of UV/LED for water and wastewater treatment  
The first investigation of UV/LED for photocatalysis was in January, 2005, 
USA for the oxidation of perchloroethylene (PCE) (Chen et al., 2005a). In the 
following year, the applications of UV/LED were also found in Taiwan for 
study of photocatalytic degradation of reactive red 22 in water solution (Wang 
and Ku, 2006) and in Hongkong for a pilot wastewater disinfection system 
(Close et al., 2006). After that, many studies have been devoted to the 
application of UV/LED in water treatment processes. The number of 
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publications on the application of UV/LED for water treatment process from 
2005 is summarized in Figure 2.11. 
 
Figure 2.11- Number of publications on the application of UV/LED 
application for water treatment process. (Including available conference 
papers and in pressed papers until the preparing of this thesis) 
As shown in Figure 2.11, there is an impressive increasing of the publications 
about UV/LED’s application for water treatment processes, especially during 
the last two years. Those studies are focused on degradation and disinfection 
by either photocatalytic process or photolysis process. The detailed application 
of UV/LED for degradation and disinfection purposes will be discussed in the 
following two sections. 
2.4.1 Application of UV/LED for degradation 
Several recent studies have examined the application of UV/LED for organic 
pollutants degradation. It has been reported that UV/LED has great potential 
for application in advanced water treatment processes for organic pollutants 
degradation especially with the assistance of TiO2. The experimental results 
from Chen et al. (2005a) indicated that 375 nm UV/LED photocatalytic 
reactor could deliver a PCE conversion of up to 43%. This is also the first 
investigation of photocatalysis using UV/LED as light source. To improve the 
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performance of photocatalytic process for potential application, the optimum 
reactor design and operational conditions are the major concern.  In 2006, 
Wand and Ku (2006) investigated the performance of 405 nm UV/LED for 
photocatalytic degradation of Reactive Red 22 (RR 22) using a rectangular 
planar fixed-film reactor. Results showed that operational factors including 
initial dye concentration, periodic illumination, light intensity as well as 
arrangements of catalyst coating could have significant effects on the 
performance of photocatalytic system. Based on the affecting factors study, 
they pointed out that the Langmuir-Hinshelwood-type kinetic equation was 
adequate to model the photocatalytic degradation of RR 22. Specifically, the 
experiment results in their study showed that periodic illumination was in 
favor of high photonic efficiency compared to continuous illumination. 
However, this preliminary research about periodic illumination was limited to 
0.1 s “on” time and 1.0 s “dark” time only, periodic illumination modes with 
various “on” and “off” times were not investigated in their study. As in a 
photocatalytic process, the time region of dark reactions such as 
adsorption/desorption and time region of light reactions such as oxidation may 
be different for various target compounds, there could be an optimum periodic 
illumination mode (optimum “on” and “off” time) to realize full application of 
UV illumination as well as using short overall reaction time. More recently, to 
further investigate the advantage of controlled periodic illumination for 
improving photonic efficiency, Chen et al. (2007b) set up a slurry reactor 
using 395 nm UV/LED as UV light source. The effect of duty circle was 
studied and results showed that the photonic efficiencies increased from 1.5% 
to 6.3% when the duty circle decreased from 1.0 to 0.1. The increased 
photonic efficiencies were ascribed to the decreasing of electorn-hole 
recombination in their study. Another contribution by Chen et al’s study is that 
power saving was investigated by using periodic illumination with different 
duty circles. There was an impressive decrease of power consumption (86% 
power saving if 0.1s “on” time and 0.9 s “off” time applied), however at the 
compensate of long reaction time. Another study conducted by Shie et al. 
(2008a) compared the energy effectiveness of UV/LED with that of traditional 
mercury lamp for photocatalytic degradation of formaldehyde. Results showed 
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that the energy effectiveness (Ee) of 383 nm UV/LED was 131 times larger 
than that of UVC mercury lamp and 99 times larger than that of UVA mercury 
lamp. The higher energy efficiency of UV/LED indicates its feasible and 
potential application in photocatalytic process if energy is the main concern 
for photocatalytic reactor design. 
Other operational factor such as wavelength has been proved to have influence 
on photocatalytic degradation process. One recent study conducted by Wang 
et al. (2011) compared UV/LED lamps with different peak wavelength at 365, 
375, 385 and 402 nm, and found out that 365 and 375 nm UV/LEDs had 
significantly higher photocatalytic degradation capability for dimethyl sulfide 
degradation compared to longer wavelengths 385 and 402 nm UV/LEDs. The 
effect of UV wavelength on photocatalytic process was because of the TiO2 
absorption spectrum. TiO2 catalyst could only be activated by UV light with 
irradiation energy greater than the band gap energy (in case of anatase-phase 
TiO2, Ebg=3.2 ev and corresponding wavelength less than 385 nm) (Daneshvar 
et al., 2004). This study further posed an urgent need of short-wavelength 
UV/LEDs for photocatalytic degradation applications. 
Catalyst properties have been observed to have significant effects on 
photocatalytic degradation process. Catalysts performance has been compared 
based on their activity in the study conducted by Ghosh et al. (2009). Results 
showed that among the compared four types of catalyst: P-25 TiO2, TiO2 
nanofibers, tin-doped TiO2 nanofibers and coumarin coated TiO2 nanofibers, 
the activity of P-25 was the highest. However, their study focused on the 
investigation of slurry photocatalytic reactor which require downstream 
catalyst recycle. To overcome this problem, more recently, Natarajan et al. 
(2011) developed a TiO2 coated quartz tube and successfully applied it for 
degradation of three different dyes (malachite green, methylene blue and 
rhodamine B) using 400 nm UV/LED as UV light source. This fixed-film 
photocatalytic system could reach a degradation percentage of 33, 22, and 18% 
for MG, RhB, and MB, respectively. In their fixed-film reactor study, the 
photocatalytic surface of TiO2 coated quartz tub was recyclable and could be 
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further applied for following degradation purpose. Another method to solve 
the problem of catalyst recycle is the introduction of recycling process such as 
membrane or sedimentation processes. For example, Wang et al. (2013) 
introduced a submerged membrane photoreactor combining a photoreactor and 
a submerged hollow fiber PVDF microfiltration membrane module for 
carbamazepine degradation. This combined system realized effective 
carbamazepine degradation as well as simultaneous catalyst separation without 
generating significant membrane fouling. 
In summary, operational conditions including UV wavelength, illumination 
mode (continuous/periodic), catalyst properties, initial pollutant concentration, 
pH, and flow rate (in case of flow reactor) seem to be major factors affecting 
the UV/LED photocatalytic degradation process. However, such studies 
regarding the degradation of emerging pharmaceuticals are still scarce. As 
pharmaceuticals have great potential risk to the aquatic ecosystem such as 
endocrine disruption and severe side effects (Sim et al., 2010), there is a need 
to further expand our understanding of the UV/LED photocatalytic process for 
the treatment of the concerned pharmaceuticals. Moreover, periodic 
illumination was still limited to duty circle study while the one circle time has 
not been considered. Circle time is another key factor which could define a 
periodic illumination mode except duty circle. Circle time reflects the 
frequency of periodic illumination while duty circle reflect the “on” and “off” 
time ratio. Recognizing this deficiency, this study will define the periodic 
illumination by both duty circle and circle time, and will investigate both of 
their effects on photocatalytic process. 
2.4.2 Application of UV/LED for disinfecion 
The application of UV/LED lamps for wastewater disinfection only started 
from this century after the emergence of commercial UVA /LED. The first 
report of UVA/LED lamp for wastewater disinfection was in year 2005 for 
Hongkong fishing village water disinfection by Close et al. (2006). They 
pointed out that UVA/LED lamps and photovoltaic power generator fit well in 
treatment plants designated for remote, off-grid locations. Later in Japan, 
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researchers set up a sterilization system using UVA/LED as disinfection light 
source (Hamamoto et al., 2007; Mori et al., 2007). In Mori et al.’s study, 
UVA/LEDs were proved able to inactivate both pathogenic and nonpathogenic 
bacteria including Escherichia coli DH5α, Enteropathogenic E. coli, Vibrio 
parahaemolyticus, Staphylococcus aureus, and Salmonella enteric serovar 
Enteritidis by greater than 5-log within 75 min at 315 J/cm2 UV dose. The 
advantages of periodic illumination (10 ms “on” and 100 ms “off”) for 
UVA/LED lamps were pointed out as the prevention of heat generation and 
the capability to use higher outputs of irradiation. In Hamamoto et al.’s study, 
to investigate the mechanism of UVA/LED inactivation process, levels of 8-
OHdG, a major indicator of oxidative DNA damage, was investigated. And 
results were compared with UVC inactivation. Results showed that levels of 8-
OHdG in UVA/LED illuminated cells were 2.6-folder higher than those found 
in UVC illuminated cells.    
With the emergence of low power UVC/LED, researches began to use 
UVC/LED for disinfection applications (Würtele et al., 2010; Bowker et al., 
2011). Wavelength could affect the UVC/LED disinfection process for both 
batch reactor and flow through reactor. Shorter wavelength was found in favor 
of inactivation that the 269 nm LEDs could reach higher level of inactivation 
than the 282 nm LEDs in a batch reactor (Vilhunen et al., 2009). In a flow 
through reactor, 269 nm LEDs was proved to have better inactivation 
performance than the 276 nm LEDs under the same corresponding operational 
conditions (Würtele et al., 2010). The superior disinfection performance of 
LEDs with 269 nm wavelength output was probably because this wavelength 
is closer to the peak of DNA absorption wavelength (260 nm) compared to the 
other selected wavelengths (Bowker et al., 2011). For flow through reactors, 
flow rate is an important factor which could affect the UVC/LED inactivation 
process significantly. It was reported that lower flow rate (0.5 l/min) could 
give more significant reduction of E.coli concentration by 5.5–log compared 
to only 3-log reduction under higher flow rate (2 l/min) (Bilenko et al., 2010).  
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Compared to UVA/LED, UVC/LED is more difficult to produce, more 
expensive and till now it has a relatively lower power output. The most 
detrimental drawback till now for existing UVC/LED is the short lifetime. It 
could only work for 100 to 150 hours. In this point of view, UVA/LED seems 
a more mature LED light source compared to UVC/LED if production 
technology and lamp lifetime are considered. There are some studies trying to 
combine the advantage of UVC/LEDs with germicidal wavelength and the 
advantage of UVA/LEDs with high energy output and long lifetime 
(Chevremont et al., 2011; Chevremont et al., 2012). Results showed that 
coupled wavelengths, 280/365, 280/405 nm and 255/365 nm could reach 
higher inactivation level. And they pointed out that the stronger inactivation 
performance with coupled wavelengths was due to the cumulative effect of the 
power emitted by both LEDs rather than a specific effect linked to a single 
wavelength (Chevremont et al., 2011). However, the coupled UVA/UVC/LED 
system requires separate electric circuits which pose a higher requirement for 
safety and practical control. 
In conclusion, the application of LEDs for disinfection purpose is still in its 
infancy and strongly depends on the UV/LED industry. With the astonishing 
development of UV/LED industry, the application of various high-power 
UV/LED may still require considerable research effort which could finally 
lead to development of commercial water treatment systems.  
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CHAPTER 3 MATERIAS AND METHODS 
3.1 UVA/LED lamps and experimental system set-up 
3.1.1 High power UVA/LED lamps 
In this study, the selected HIGH-POWER UVSMD360~370 (peak wavelength 
365 nm, SET, inc, USA, Figure 3.1) is one of the most mature, and cost 
effective kinds in the market till now, and it could easily be put into batch 
production. UVA/LED is forward biased, which means the current flow in 
UVA/LED only comes in from the anode and comes out from the cathode 
which could never reverse. The main characteristics are shown in Table 3.1. 
Power dissipation of the chosen UVA/LED was 3W, viewing angle was 60°, 
and the absolute maximum ratings were at 25℃ .The maximum relative 
intensity of wavelength (peak wavelength) was 365 nm measured by a 
spectrometer (USB4000, Ocean Optics, Inc. US). As light production is based 
on the recombination of electric current activated electrons and holes in the 
LED die, the selected UVA/LED has a narrow wavelength range at the peak 
wavelength 365 nm as shown in Figure 3.2. Figure 3.3 shows the forward 
current change with forward voltage applied and this figure indicated that 
within the rated scale, forward current that went through UVA/LED was in 
linear relationship with the forward voltage applied.  
 
 Figure 3.1-The 365nm UVA/LED applied in this study. 
 
 




Table 3.1- Characteristics of selected UVA/LED lamp. Absolute 
maximum ratings at Temp.=25℃ 
Parameter Symbol Maximum rated value Unit 
Forward Current If 700 mA 
Forward Pulse Current Ifp 800 mA 
Thermal Resistance Rth 10 ℃/W 




Storage Temperature Tstg -40℃~+120℃ 
Solding Condition Tsol 260℃ for 5 seconds 
Viewing Angle 2θ1/2 60℃ 
 
 
Figure 3.2- Spectrum of UVA/LED lamp, measured by a spectrometer 
(USB4000, Ocean Optics, Inc. US). 




Figure 3.3- The change of forward current with forward voltage applied 
(Data from SET, Inc, USA). 
3.1.2 Experimental set-up  
As it is shown in Figure 3.4 and Figure 3.5, eighteen lamps (three in series, six 
parallel groups) were connected to a direct-current (DC) power supply (ISO-
TECH, IPS-2303, UK). The lamps were adhered with thermal grease to the 
lower surface of a hollowed aluminum cylinder (100 mm in diameter and 60 
mm in height). Recycled cooling water at 25 ℃ was pumped through the 
center of aluminum cylinder to protect the lamps from overheating and 
maintain the LED working temperature less than 30℃. Illumination mode was 
controlled by a programmable logic controller (PLC, Gama Automation Pte 
Ltd, Singapore).With a specific program written into the PLC, the illumination 
mode was controlled to be under either continuous mode or periodic 
illumination mode. While using the pulse illumination mode, the light pulse 
frequency was controlled from 10 ms to 2000 ms in this thesis. This program 
was also used to predetermine “on” and “off” time independently with a basic 
unit of 10 ms. Meanwhile, there was a temperature controlling module planted 
inside the PLC. A temperature detection probe was inserted between the 
aluminum cylinder and the back of LED heat sink to measure the LEDs’ 
operating temperature. To quantitatively display the on-site temperature, a 
digital screen was embedded in the front door of the PLC to display the 
measured online LED temperature. Using the buttons on the screen board, an 
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upper-limit operating temperature could be set. This means when the 
measured online temperature was increased to more than the upper-limit 
temperature, the circuit would be automatically broken to protect the lamps 
and the whole circuit. Once the circuit was broken, the power would be turned 
on to start the system again. In this research, according to the operating 
temperature range provided by the datasheet from the UVA/LED supplier 
(SET, inc, USA), the maximum operating temperature was set as 30℃. 
 
Figure 3.4-Schematic diagram of experiment setup. 1: crystallizing dish. 2: 
magnetic stirrer. 3: stir bar. 4: hollowed aluminum cylinder. 5: LEDs. 6: 
chiller with recycled cooling water. 7: programmable logical controller 
(PLC). 8: DC power supplier. 9: temperature detection head 




Figure 3.5- Photo of the photocatalytic process system set-up 
 
Figure 3.6- The relative light intensity change with the forward current  
The light intensity was measured by ILT1700 radiometer (International light 
technologies, Inc, USA) with a SED-033 probe (International light 
technologies, Inc, USA) and the relative light intensity change with forward 
current is shown in Figure 3.6. Similar to the datasheets from the supplier 
(SET, inc, USA), the output was in relatively linear relationship with the 
current flow at initial stage, while the current flow increased near to the upper 
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limit, in this system, 0.4-0.7 amp. The output was relatively stable thereafter 
even though the current keep increasing. Figure 3.6 also indicates that 
UV/LED is more efficient in converting electricity into light at lower current 
levels. For example, to achieve two times the output at 0.175 amp current, the 
current required was more than doubled (0.45 amp). This is because the higher 
the current applied to UV/LED, the more the electrons are converted into heat 
by collisions with the atoms in the lattice of the semiconductor.  To be more 
efficient in the energy application and in order to take full advantage of LEDs, 
it is quite important that the LEDs be operated at proper lower current levels. 
3.2 Materials and methods for pharmaceutical degradation study 
3.2.1 Pharmaceuticals and other chemicals 
The target pharmaceuticals selected in this study include: acetaminophen, 5-
fluorouracil, propofol, E1, E2, carbamazepine, atenolol, and caffeine. Their 
class and clinical applications is summarized in Table 3.2. The selected 
pharmaceuticals stand for the mostly popular clinical groups of 
pharmaceuticals from WWTP effluent. All the above pharmaceuticals were of 
high purity and were used as received from Sigma Aldrich, Singapore. A 
Milli-Q water purification system (Millipore Synergy 185) provided the water 
used for all solutions and suspensions.  
Other chemicals including methnol, KI, KMnO4, H2O2 (30%), NaOH, H2SO4, 
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Table 3.2- Selected pharmaceutical compounds belonging to 7 classes in 
wastewater effluent and their clinical applications 
3.2.2 Titanium dioxide 
Among the many different photocatalysts, titanium dioxide (TiO2) has 
attracted most attentions (Hoffmann et al., 1995; Nakata and Fujishima, 2012) 
due to its low-cost, non-toxic and excellent photoelectric properties. Further 
advantages of TiO2 include chemical stability, long durability, easy handling, 
environmental friendly and strong oxidizing ability for photocatalytic 
oxidation process. TiO2 has been the most widely studied and applied 
photocatalyst for photocatalytic process in recent years (Gelover et al., 2006; 
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There are four mineral forms of TiO2 in nature (Akpan and Hameed, 2009): 
anatase, rutile, brookite and TiO2 (B). Anatase phase is mainly applied as 
photocatalyst for UV photocatalytic process as well as for coating and filling 
in paper-making industry. Rutile is the most common natural form of TiO2, 
and it’s mainly used as white pigment in paint. Anatase and brookite phases 
are metastable that they may convert to rutile while heating. TiO2 (B) is a 
monoclinic mineral found in magmatic rocks and hydrothermal veins, and it 
only recently joins the TiO2 family.   
The most commonly studied artificial TiO2 phase as photocatalyst is Degussa 
P25, a mixed phase containing approximately 80% anatase and 20% rutile. 
Even though in some studies pure anatase phase titanium dioxide has shown 
better degradation ability for organic pollutants (Gogate and Pandit, 2004; Ray 
and Beenackers, 2004), most studies have suggested that Degussa P25 catalyst 
is the most active form among the various titanium dioxides available and it 
could give superior oxidation efficiencies compared to pure TiO2 mineral 
phases (Bacsa and Kiwi, 1998; Chan et al., 1999; Yamazaki et al., 2001; 
Gogate and Pandit, 2004).  In this study, non-porous titanium dioxide (TiO2, 
P25, Degusa AG, Germany) was employed as received without further 
treatment and was reported to be greater than 99.5% purity. The specific 
surface area was 50±15 m2/g. Average primary particle size was 21 nm. The 
SEM image of selected catalyst was shown in Figure 3.7. 
 
 




Figure 3.7- SEM images of TiO2 with (A) ×5,000 and (B) ×30,000 
magnifications 
3.2.3 Sample preparation  
In this study, pharmaceutical were dissolved to deionized (DI) water to make 
storage solution with concentrations from 1 ppm to 100 ppm before 
experiment. TiO2 storage solution (1 g/l) was prepared and dipped in water 
with electronic sound field oscillation (Elmasonic S60, Elma, Germany) for 
half an hour following with a high-speed stirring process using a laboratory 
stirrer (UC151, Stuart, UK) for 15 min to achieve complete mixing before 
every experiment. The working water samples were prepared by spiking 
different volumes of pre-mentioned pharmaceutical storage solution and TiO2 
storage solution to different volumes of DI water. The final sample volume 
was 200 ml with predetermined initial concentrations for each batch.  




Figure 3.8- Photocatalytic system working under periodic illumination or 
continuous illumination mode 
Prepared water samples spiked with TiO2 were kept in a 10 cm diameter 
Pyrex® crystallizing dish (Aldrich, Singapore). Before exposure to irradiation, 
water samples were kept under dark condition with constant mixing for at least 
30 min to equilibrate. To determine initial concentrations of the target 
compound in different batches, 1 ml of the samples was taken before exposure 
to irradiation. The warm-up time of the lamp was about 5~10 min. During the 
photocatalytic degradation experiment, the light beam fully illuminated the 
volume of the reaction sample which was located 2 cm under the UVA/LED 
lamps. Magnetic stirrer provided proper mixing at a rotational speed of 150 
rpm. Light was turned off for sample collection at predetermined intervals and 
aliquots were collected every 2~5 min. Except for E1 and E2, the collected 
samples were filtered through a 0.2 𝜇𝜇 m PTFE syringe filter (OlimPeak 
"Certified Filter", US) to remove the catalyst before analyses. E1 and E2 
samples were filtered through a 0.45 𝜇𝜇 m glass microfiber syringe filter 
(National Scientific, US) to minimize the absorption of E1 and E2 by the filter 
membrane. Total volume of the withdrawn sample was less than 3% (by 
volume) of the solution. 
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All experiments were conducted under room temperature (25±2℃). The pH of 
water sample was adjusted to 5~6 by adding either sulfuric acid solution (0.01 
M) or sodium hydroxide solution (0.02 M) and measured by a pH meter (Lab 
850, SCHOTT Instruments, Germany). To investigate photocatalytic 
degradation process, the light intensities applied in this research ranged from 1 
mW/cm2 to 4 mW/cm2 with an illumination time from 6 to 20 min. The 
suspended TiO2 dosage was from 5 ppm to 60 ppm while the initial 
pharmaceutical concentration was in the range of 100~385 ppb in this research. 
To study the mineralization of Ace, the initial TiO2 dosage was chosen as 100 
ppm and the initial Ace concentration was chosen as high as 20 ppm. To study 
the effect of H2O2, the H2O2 dosages added was in the range of 0~32.57 ppm. 
To study various periodic illumination modes, duty circles including 0.2, 0.4, 
0.6 and 0.8 with 100 ms circle time as well as various circle times ranged from 
20 ms to 2000 ms with 0.5 duty circle were investigated. To ensure good 
replication of experimental procedures, all experiments results were repeated 
at least three times and average results were reported. 
3.2.4 Pharmaceuticals analysis using LC/MS/MS  
 
Figure 3.9- Liquid chromatography-tandem mass spectrometry 
(LC/MS/MS). 
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Filtered samples (0.5 mL) were injected into the LC/MS/MS machine. 
Analyses were performed by reverse-phase liquid chromatography (RP-LC) 
followed by electrospray ionization (ESI) double mass spectrometry (MS/MS). 
RP-LC was performed on an Agilent 1100 series (USA) LC machine using an 
Agilent column (15 cm, 2.1 mm i.d.). Analyses were eluted by DI water as 
phase A and acetonitrile as phases B. 
An API 2000 MS/MS system (AB Sciex Instruments, USA) was chosen for 
double mass spectrometry. The ion spray voltage was +4.5 kV. The multiple 
reaction monitoring (MRM) mode was selected for quantification, and a pairs 
of Q1/Q3 was chosen for each pharmaceutical compound as shown in Table 
3.3. To optimize MRM conditions, a full scan and a product ion spectrum for 
each compound were first acquired in negative mode by infusion of standard 
solutions of each analyte. System parameters of LC/MS/MS for all the 
selected pharmaceuticals are shown in Table 3.3. The LC/MS/MS 
instrumental detection limits (Armstrong et al.) were determined by the 
minimum detectable concentration of analyte giving a signal to noise ratio of 
10. The detected IDLs of selected pharmaceuticals ranged from 0.2 ppb to 3.0 
ppb, depending on various target compounds.  
Table 3.3-Parameters set for measurement of pharmaceutical 
concentrations using LC/MS/MS 
Pharmac
eutical 
DP FP EP Q1 CE CXP Q3 CUR IDL 
Acetam-
inophen 
36.0 370.0 11.0 151.8 23.0 4.0 109.8 30.0 2.0 
5-fluoro-
uracil 
-36.0 -370.0 -11.0 128.9 -23.0 -4.0 42.1 30.0 2.0 
Propofol -26.0 -240.0 -6.0 177.0 -14.0 -6.0 143.9 30.0 1.0 
E1  -36.0 -330.0 -10.0 269.0 -50.0 -6.0 145.0 35.0 3.0 
E2 -46.0 -330.0 -10.0 271.1 -50.0 -4.0 144.9 35.0 3.0 
Carbam-
azepine 
71.0 330.0 12.0 237.0 29.0 8.0 194.1 29.0 0.2 
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Atenolol 21.0 370.0 8.0 266.7 37.0 4.0 144.9 30.0 2.0 
Caffeine  31.0 370.0 7.0 195.1 25.0 6.0 138.2 35.0 1.0 
3.2.5 Intermediate analysis using GC/MS 
 
Figure 3.10- Gas chromatography-mass spectrometry (GC/MS) 
To identify the intermediates during photocatalytic process for degradation of 
selected pharmaceutical compounds, four pharmaceuticals were selected. 0.5 
ml of the reactant solution was withdrawn and injected into GC/MS equipped 
with a DB-5ms capillary column (5% phenyl methyl siloxane, 30 mm ×320 μm × 0.25 μm , Agilent, USA). The analyses for all the selected 
pharmaceuticals were carried out in splitless mode with helium used as carrier 
gas. The temperature profiles for the selected four pharmaceuticals were as 
following: 
Acetaminophen: Injection and interface temperature were both set at 2500C. 
Column temperature was maintained at 600C for the initial 3 min followed by 
an incremental increase of 80C/min up to 2800C, and the oven temperature was 
held at 2800C for 3 min. 
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Ibuprofen: Injection and interface temperature were both set at 2500C. Column 
temperature started at 500C for 3 min, and then it was increased to 1500C at a 
rate of 100C/min. The final temperature 3000C (5 min) was programmed at an 
incremental increase of 80C/min. 
Sulfamethoxazole: Injection and interface temperature were set at 2600C and 
2500C, respectively. Initial column temperature was 500C (0.75 min) followed 
by an incremental increase of 200C/min to 1600C. Then the temperature was 
risen to 2800C at a rate of 40C/min. The final temperature was maintained at 
2800C for 10 min.  
Carbamazepine: Injection and interface temperature were both set at 2500C. 
Column temperature was maintained at 700C for 3 min, and then it was 
programmed to 1500C with a rate of 100C/min. The final temperature 2800C (3 
min) was reached at an incremental increase of 50C/min. 
Caffeine: Injection and interface temperature were both set at 2500C. Column 
temperature was held at 600C (3 min) and increased to 1300C at a rate of 
80C/min. Finally, the temperature was risen to 2800C (3 min) at a rate of 
60C/min. 
The characterization of intermediates was preceded based on the comparison 
of its mass spectra with the ones in the National Institute of Standards and 
Technology (NIST) library, available in the instrument database with 
similarity level higher than 80% and comparison with previous studies.  
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3.2.6 TOC measurement 
 
Figure 3.11- Euroglas Total Organic Carbon (TOC) Analyzer. 
The Total Organic Carbon (TOC) concentration was measured to indicate the 
mineralization extend of photocatalytic process for the selected 
pharmaceuticals. After filtration, water samples were injected into the TOC 
analyzer (Euroglas TOC 1200-type device). The calibrations were done using 
potassium hydrogen phthalate standard solution in a 1-5ppm concentration 
range. The carbon content of the DI water used for the preparation of the 
solutions was subtracted from the values of samples. At least three 
measurements were conducted for each sample to minimize analytical 
precision to less than ±1%. 
3.2.7 H2O2 residue detection 
The H2O2 residue concentration was determined by the KMnO4 titration 
method proposed by Klassen and Marchington et. al. in 1994 (Norman V. 
Klassen, 1994). This method was based on the visual detection of excess 
MnO4- by its pink color at the end point. First, 0.316 g KMnO4 powder was 
dissolved in 100 ml DI water to make 0.02 M KMnO4 titrating solution. Then 
100 ml water sample was collected to a beaker and 4 ml concentrated H2SO4 
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was added slowly with stirring. After that, the prepared KMnO4 titrating 
solution was used to titrate the water sample. The titration speed should be less 
than 0.5 ml/min to give enough mixing and reaction time. Once the permanent 
pink color appeared, the absorbance of the titrated solution at 525 nm with 4 
cm cuvette was measured. The following equation was applied to calculate 
H2O2 concentration in water samples: 
2 × M1 × V1 = 5 × (V2 × M2 − V3 × A12444×4 − 6 × 107 × V3)        Equation 16 
Where M1  is the H2O2 concentration in water sample.  V1  is the volume of 
water sample, in this case, it equals to 100 ml. V2 is the volume of KMnO4 
titrating solution required to titrate the water sample to the end point while M2 
is the concentration of KMnO4 titrating solution (0.02 M). A1  is the 
absorbance of the titrated solution at 525 nm. V3 is the total volume of water 
sample after titration and V3 = 100 + 4 + V2 . The detection limit of this 
method was 0.3 µM. 
3.2.8 Data analysis -reaction rate 
It was reported that the decomposition behavior of pharmaceutical was a 
function of initial concentration of pharmaceutical, oxygen concentration, light 
intensity and temperature as the following equation (Daneshvar et al., 2004): 
𝐫𝐫𝐏𝐏𝐏𝐏𝐏𝐏 = 𝐤𝐤𝐩𝐩𝐈𝐈𝐚𝐚 𝐞𝐞𝐞𝐞𝐩𝐩 �−𝐄𝐄𝐚𝐚𝐑𝐑𝐑𝐑 � � 𝐊𝐊𝐎𝐎𝟐𝟐𝐂𝐂𝐎𝐎𝟐𝟐𝟏𝟏+𝐊𝐊𝐎𝐎𝟐𝟐𝐂𝐂𝐎𝐎𝟐𝟐� � 𝐊𝐊𝐏𝐏𝐏𝐏𝐏𝐏𝟏𝟏+𝐊𝐊𝐏𝐏𝐏𝐏𝐏𝐏𝐂𝐂[𝐏𝐏𝐏𝐏𝐏𝐏]𝟎𝟎� 𝐂𝐂[𝐏𝐏𝐏𝐏𝐏𝐏]            Equation 17
   
Where kp  is the combined reaction-rate constant, Ia  is light intensity. CO2 , C[Phc ]0 , C[Phc ]  are the oxygen concentration, initial pharmaceutical 
concentration and pharmaceutical concentration at reaction time t, respectively. 
−EaRT  represents the contribution of temperature change; KO 2 CO 21+KO 2 CO 2 represents the 
contribution of oxygen concentration while KPhc1+KPhc C[Phc ]0  stands for the 
relationship between reaction rate and initial Ace concentration. If light 
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intensity, environmental temperature, oxygen concentration and initial 
pharmaceutical concentration are all kept constant, Equation 16 can be 
simplified as follows: 
𝐫𝐫𝐏𝐏𝐏𝐏𝐏𝐏 = −𝐝𝐝𝐂𝐂𝐝𝐝𝐭𝐭 = 𝐤𝐤𝐚𝐚𝐩𝐩𝐩𝐩𝐂𝐂[𝐏𝐏𝐏𝐏𝐏𝐏]                 Equation 18
        
Where kapp  is the apparent pseudo-first-order reaction rate constant. After 
integration, the equation can be expressed as 
𝐥𝐥𝐥𝐥
𝐂𝐂[𝐏𝐏𝐏𝐏𝐏𝐏]
𝐂𝐂[𝐏𝐏𝐏𝐏𝐏𝐏]𝟎𝟎 = −𝐤𝐤𝐚𝐚𝐩𝐩𝐩𝐩𝐭𝐭                 Equation 19 
3.2.9 Data analysis-photonic efficiency 
To describe the efficiency of photocatalytic process, photonic efficiency was 
introduced in this study. The description of photonic efficiency has been 
proposed by Nick et al. (1997) as the number of molecules converted relative 
to the total number of photons incident. The definition equation is given in 
Equation 20 (Chen et al., 2007b). It is of great importance to investigate the 
photonic efficiency of photocatalytic process for the rigorous design and 
scaling-up of photocatalytic reactors to realize a practical industrial 
application of photocatalytic process (Marugán et al., 2006).  
𝛏𝛏 = 𝐫𝐫𝐚𝐚𝐭𝐭𝐞𝐞 𝐨𝐨𝐨𝐨 𝐫𝐫𝐞𝐞𝐚𝐚𝐏𝐏𝐭𝐭𝐫𝐫𝐨𝐨𝐥𝐥 �𝐌𝐌 𝐬𝐬−𝟏𝟏�
𝐫𝐫𝐚𝐚𝐭𝐭𝐞𝐞 𝐨𝐨𝐨𝐨 𝐩𝐩𝐏𝐏𝐨𝐨𝐭𝐭𝐨𝐨𝐬𝐬 𝐫𝐫𝐥𝐥𝐏𝐏𝐫𝐫𝐝𝐝𝐞𝐞𝐥𝐥𝐭𝐭 �𝐌𝐌 𝐬𝐬−𝟏𝟏�               Equation 20
     
More specifically in this study, the photonic efficiency was calculated as the 
mole change of pharmaceutical  (△ C[Ph c]V) divided by the incident photons 
of 365 nm during a certain time interval (△T) (Wang and Ku, 2006): 
𝛏𝛏 ≌
△𝐂𝐂[𝐏𝐏𝐏𝐏𝐏𝐏]𝐕𝐕
𝐈𝐈𝐫𝐫𝐥𝐥𝐭𝐭/𝐔𝐔𝛌𝛌△𝐑𝐑                  Equation 21
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Where △ C[Phc ]  is the concentration change of pharmaceutical; V is the 
reaction sample volume which was 200 ml in this thesis; Iint  is the light 
intensity of 365 nm; Uλ  of 3.28 × 105 J/Einstein is the energy of 1 Einstein of 
365 nm light used in this study. To distinguish with reaction time t used for 
calculating reaction rate constant, △T was used to represent the illumination 
time in this study. This means under continuous illumination mode, t=△T; 
while under CPI mode, t<△T.     
3.3 Materials and methods for disinfection study  
3.3.1 Bacteria strain  
Escherichia coli ATCC 700891 was purchased from the American Culture 
Type Collection (ATCC). It contains ampicillin resistance markers on the 
Famp plasmid, and streptomycin resistance markers on the chromosome. It is 
also well known for its outstanding repair characteristics and commonly used 
as a bacteria indicator in disinfection studies. In previous research, ATCC 
700891 was reported more UV resistant than other E.coli strains (Quek and 
Hu, 2008). It was thus selected for the inactivation/reactivation investigation 
in this thesis. 
3.3.2 Growth of antibiotic-resistant bacteria 
Ampicillin sodium salt and Streptomycin sulfate salt were obtained from 
Sigma-Aldrich, Singapore. The antibiotic stock solution was prepared by 
adding 0.15 g of each salt to 100 ml DI water. 
ATCC Medium 2553- tryptic soy with 150 mcg/ml of ampicillin and 150 
mcg/ml streptomycin were prepared by the following method: For broth, 30.0 
g Tryptic Soy Broth (TSB, Difco) was added into 900 ml DI water, mixed 
thoroughly and autoclaved at 121℃ for 15 min. Until the autoclaved TSB 
solution temperature was decreased to near 80℃ , the prepared storage 
antibiotic solution was aseptically added into the autoclaved TSB using a 
Corning® 0.2 µm sterile syringe filter (Sigma-Aldrich, Singapore). The 
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addition of antibiotic solution should be done under intensive mixing to avoid 
partial solidification during addition. For agar preparing, the only difference 
was that 40.0 g Tryptic Soy Agar (TSA, Difco) was added for autoclaving 
instead of TSB. The other steps were the same as that for the broth preparation. 
The prepared TSB and TSA containing 150 mcg/ml of ampicillin and 150 
mcg/ml streptomycin were used in all the experiments where applied. 
To cultivate the antibiotic resistant bacteria, the bacteria frozen stock was 
unfrozen and it was inoculated into 30 ml prepared TSB. After that, the 
mixture was incubated at 37℃  for 18~24 hrs under continuous mixing 
(Environ-Shaker, Model 3527-1, Lab-lin Inc., USA) to prepare overnight 
phase. One milliliter of this overnight culture was then added to 30 ml fresh 
TSB and incubated in the shaker for 4 hrs at 37℃ to obtain a log phase culture. 
After four hours, the suspension was centrifuged at 3,000 rpm for 10 min 
(Model 8510, Eppendorf International, Hamburg, Germany), washed twice 
and re-suspended in 30 ml sterile DI water. The resultant suspension 
concentration was approximately 109 CFU/ml. It was further diluted with 
sterile distilled water to yield a bacterial concentration of approximately 106 
CFU/mL. The final reaction solution volume was 30 ml for all experiments in 
this study.  
3.3.3 Enumeration of antibiotic-resistant bacteria 
The antibiotic-resistant bacteria concentration was determined using the 
spread plate method according to the Standard Methods (APHA, 1998). 0.5 ml 
water sample was collected and added into 4.5 ml phosphate-buffered saline 
(PBS, pH=7.4) and diluted serially to obtain 30~300 colonies of antibiotic-
resistant bacteria per plate. The diluted samples were plated in duplicate on the 
prepared TSA plate containing ampicillin and streptomycin and then incubated 
for 24 h under 37±1℃. After 24 hours incubation, the plates were counted 
using a colony counter machine (Bibby Scientific Ltd, UK) and the averaged 
results were taken and recorded as CFU/ml.  
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3.3.4 Preparation of TiO2 film 
TiO2 particles were coated on the bottom of a 10 cm diameter Pyrex® 
crystallizing dish (Aldrich, capacity 325 ml, O.D. × H =100 mm × 50 mm) by 
methods described in the literatures (Nazeeruddin et al., 1993; Shang et al., 
2009b) with slight modification. Firstly, highly diluted acetic acid solution 
was prepared by adding 0.3 ml concentrated acetic acid to 100 ml DI water. 
TiO2 (1 g) was ground in a porcelain mortar with 2 ml the diluted solution. 
After the powder was dispersed by the high shear forces, the rest of 98 ml 
solution was added in slowly. Finally, 0.5 ml detergent (Triton X-100, Aldrich) 
was added and mixed to facilitate the spreading of the colloids on the substrate. 
Before coating, a circular sticky tape was sticked on the bottom center of the 
crystallizing dish to reserve some place for the stirrer and eliminate the 
possibility of wear and tear during stirring process. To coat the prepared TiO2 
mixture on the bottom of crystallizing dish, 1 ml mixture was transferred by a 
pipette into the dish and the dish was agitated to make the solution fully cover 
the bottom. After that, excess liquid was absorbed and the dish was air dried. 
The above TiO2 coating was repeated for 32 times, the pre-sticked tape was 
removed and the dish was then heated for 30 min at 500℃ in an oven. The 
scanning electron micrographs (SEM) of TiO2 film coated on the bottom of 
crystallizing dish with different magnifications are shown in Figure 3.12 (A) 
and (B). The resulting film thickness was around 15 μm as shown in Figure 
3.12 (C) and the total coated TiO2 weight was 73.0±0.5 mg. The overall 
appearance of coated crystallizing dish is shown in Figure 3.12 (D).  




Figure 3.12- (A), (B): Scanning electron micrographs of TiO2 film coated 
on the bottom of crystallizing dish with × 500 and × 100,000 
magnifications. (C): Scanning electron micrograph showing cross section 
of the TiO2 film. (D): The coated bottom of crystallizing dish 
3.3.5 Photocatalytic disinfection 
Thirty milliliters prepared E.coli solution was dispensed into the TiO2 coated 
crystallizing dish and then exposed to UV radiation for a pre-determined 
exposure time. During illumination, samples were stirred at a speed of 150 
rpm for proper mixing. At pre-determined intervals, 0.5 ml of the irradiated 
bacteria was extracted for the determination of bacteria concentration. 
Samples were diluted using 4.5 ml PBS and plated in duplicate on prepared 
agar plates containing ampicillin (0.15 g/l) and streptomycin (0.15 g/l). After 
that, sample plates were incubated for 24 h at 37 ℃, the plates were counted 
and the results were averaged and recorded as CFU/ml. For photocatalytic 
disinfection process study, the light intensities studied were ranged from 6 to 8 
mW/cm2. The initial bacteria were chosen as 6×104 CFU/ml for all batches. 
The duration of illumination and reaction time were in 15~160 min and 
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30~350 min ranges, respectively. To study the various periodic illumination 
modes, duty circles selected were ranged from 0.25 to 4 while circle times 
investigated were in the range of 20~2000 ms. To guarantee good replication 
of experimental procedures, all experimental results were repeated at least 
three to five times. 
3.3.6 Photoreactivation and dark repair 
Water sample after UV irradiation was transferred to Petri dish for both 
photoreactivation and dark repair study. For photoreactivation, the Petri dish 
containing the irradiated bacteria samples were placed on magnetic stirrers and 
exposed to a 20 W fluorescent light (wavelength: 400~700 nm, National, 
Matsushita Electrical Industrial Co. Ltd, Japan) for 4 hours and samples were 
taken at hourly intervals for bacteria concentration determination. The light 
intensity of fluorescent light was measured using a digital luxmeter (Model E2, 
B. Hagner AB, Sweden) and it was about 11.5 kLux. For dark repair study, the 
Petri dishes were placed on magnetic stirrers in darkness for 4 h and samples 
were taken at hourly intervals for bacteria concentration determination. 
3.3.7 Data analysis 
The log-removal was calculated using the following equation (Huang et al., 
2011): 
Log removal=log10(N0/Nt)                Equation 22 
Where N0 is the colony count of water sample before photocatalytic reaction, 
Nt is the colony count of water sample after photocatalytic reaction. 
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CHAPTER 4 UVA/LED/TIO2 PROCESS FOR THE 
SELECTED PHARMACEUTICAL DEGRADATION 
4.1 Background 
In the history, photocatalytic process has been found effective in removing 
persistent pharmaceuticals in water (Chong et al., 2010). However, due to the 
characteristics of traditional light sources applied for photocatalytic process, 
such as large volume and sensitivity to physical shock, this process is 
currently limited for its future applications. The newly emerged high power 
UVA/LED is a promising alternative UV radiation source. UVA/LED has 
been introduced into wastewater treatment from year 1995 (Chen et al., 2005a). 
After that even though there are several investigations on the performance of 
UVA/LED for dyes degradation during these years, a systematic study for 
UVA/LED application and photocatalytic process optimization remain scarce.  
Hence, the first part of the study aimed to investigate the efficiency of 
UVA/LED/TiO2 system for the selected pharmaceuticals. Each pharmaceutical 
stands for a specific popular clinical group from WWTP effluent. Impacts of 
coexisting substances were also investigated. In-depth study of photocatalytic 
degradation process was focused on one selected pharmaceutical (Ace) for 
process optimization with respect to TiO2 loading, initial concentration of Ace 
and light intensity. Modeling for the UVA/LED/TiO2 system was also one of 
the targets for this part of study. Based on this part of study, the degradation 
capability of UVA/LED/TiO2 system for the selected pharmaceuticals could 
be evaluated. And the effects of various affecting factors could be determined 
which is helpful for future large-scale applications. 
4.2 Impact of coexisting substances 
In this part of study, different control experiments and the impact of coexisting 
substances were studied. Figure 4.1 shows that compared to UV/TiO2 process, 
UV illumination with/without addition of H2O2 can degrade negligible Ace. 
As all the illumination time studied in this research was within 6 min, the 
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degradation of Ace by UV illumination alone or by UV/H2O2 process alone 
could be neglected. 
 
Figure 4.1- Photodegradation of Ace under different reaction conditions. 
[Ace]0=200 ppb, TiO2=10 ppm, Temp.=25 ℃, continuous illumination, 
light intensity=5 mW/ cm2, pH=5.6  
The effect of humic acids (HAs) is shown in Figure 4.2. HAs are the primary 
components of the colloidal and dissolved fraction of natural organic matter 
present in natural water (Sun et al., 2011). HAs are formed by the 
decomposition of plants and animals materials and they are a complex mixture 
of organic matters with varying molecular sizes. The concentration of HAs 
varies depending on various locations and water properties. The 
concentrations of HAs in surface water are usually in the range of 1 ppm ~30 
ppm (Black et al., 1996; Al-Rasheed and Cardin, 2003). The effect of HAs on 
photocatalytic degradation process is shown in Figure 4.2. The results suggest 
that photocatalytic degradation of Ace was seriously restrained by the addition 
of HA. As seen from Figure 4.2, before the addition of HA, Ace could be 
completely degraded within 8 min. While after the addition of HA, only less 
than 30% Ace could be degraded within the same time. Similar results were 
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also found by other researchers (Selli et al., 1999). In their study, with the 
addition of HA, the photocatalytic degradation of PCE in 90 min decreased 
from 88% to 68%. The effect of HA was found more significant in our study 
compared to that in their study. This is because the initial PCE concentration 
(3.648 ppm) and TiO2 (1 ppm) were much higher than those in our study. The 
same concentration of HA could have higher competition performance in this 
study because of less TiO2 surface available. The increasing retardation of 
1,2,3-trichlorobenzene photodegradation has also been observed in Verlicchi’s 
study (Verlicchi et al., 2010). Within four hours degradation, the addition of 
HA could decrease the degradation efficiency of 1, 2, 3-trichlorobenzene from 
60% to 18%. The decrease of photocatalytic degradation efficiency for target 
compound with HA addition could be explained by the light absorbing 
property of HA, which makes it easy to compete with Ace for limited photons 
in photocatalytic process (Chen et al., 2002). HAs was reported to have strong 
absorbance in the UV-Vis range from ~190 to 800 nm, especially in the UV 
region, because of the existence of aromatic chromophores and other organic 
components. In addition, some of the HAs could also be absorbed on TiO2 
surface hence compete with the target compounds with the limited active sites 
on TiO2 surface (Gu et al., 1996; Wang et al., 2012a). The adsorption effect of 
HA on TiO2 surface has been proved by Peng et al. (2012). In their study, HA 
decreased norfloxacin adsorption up to 35% on TiO2 surface. Another study 
revealed that HA molecule with a molar mass of 4000 could occupy up to 20 
nm2 on the TiO2 surface (Enriquez and Pichat, 2001). Hence, the adsorption of 
HA on TiO2 surface might cause a competitive effect for pharmaceuticals 
adsorptions. 




Figure 4.2-The effect of humic acids concentration on photodegradation 
of Ace. [Ace]0=200 ppb, TiO2=10 ppm, Temp.=25 ℃, continuous 
illumination, light intensity=5 mW/ cm2, pH=5.6 
The effect of other coexisting substance-bicarbonate ion was also studied as 
shown in Figure 4.3. As seen from Figure 4.3, the degradation rate of Ace 
decreased steadily with the increasing bicarbonate ion concentration from 0.1 
mmol to 1 mmol. This result is in accordance with Kamble et al.’s (2007) 
study where the photocatalytic degradation of p-TSA was decreased from 65% 
to 37% with the introduction of 0.1 M bicarbonate ions after 240-min 
illumination. In another study conducted by Behnajady et al. (2006), the 
decolorization percent of AY23 decreased from 80% to 64% after the addition 
of bicarbonate ions. It was reported that bicarbonate ion is an effective 
hydroxyl radical scavenger with a pKa value of 3.6 × 107dm3mol−1s−1 
(Kumar and Mathur, 2006): 
∙ 𝐎𝐎𝐇𝐇 + 𝐇𝐇𝐂𝐂𝐎𝐎𝟑𝟑− → 𝐂𝐂𝐎𝐎 ∙𝟑𝟑−+ 𝐇𝐇𝟐𝟐𝐎𝐎                                                            
Equation 23 
 Chapter 4 UVA/LED/TiO2 Process for Photocatalytic Degradation 
95 
 
Bicarbonate ion could compete with target pollutant in photocatlytic process 
for limited hydroxyl radicals in the solution. The generated carbonate radicals 
are weaker compared to hydroxyl radicals in oxidizing ability for organic 
pollutants. On the other hand, bicarbonate ion could also act as a competing 
adsorbate on the surface of TiO2 catalyst surface (Behar et al., 1970; Kumar 
and Mathur, 2006). 
 
Figure 4.3- The effect of bicarbonate ion concentration on 
photodegradation of Ace. [Ace]0=200 ppb, TiO2=10 ppm, Temp.=25 ℃, 
continuous illumination, light intensity=5 mW/ cm2, pH=5.6 
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4.3 Photocatalytic degradation efficiency for selected pharmaceuticals  
 
Figure 4.4- Photocatalytic degradation efficiency of UVA/LED/TiO2 
system for the selected pharmaceuticals belonging to different clinical 
classes. Initial pharmaceutical concentration=200 ppb, Temp.=25 ℃, light 
intensity=2 mW/ cm2, pH=5.6 
In this part of study, photocatalytic degradation of eight selected 
pharmaceuticals was performed with 200 ppb initial pharmaceutical 
concentration which is similar to their environmental concentrations in 
wastewater treatment plant. The degradation curve for selected 
pharmaceuticals during photocatatlytic process is presented in Figure 4.4. As 
shown in Figure 4.4, all the selected pharmaceuticals could be degraded into 
non-detectable levels within 20 min illumination. Cafein turned out to be the 
most resistant pharmaceutical among the selected eight pharmaceuticals, while 
it could be almost completely degraded within 20 min. Carbamazepine, as one 
of the most resistant pharmaceuticals in traditional WWTP, was able to be 
significantly removed by the photocatalytic process. It could be degraded into 
non-detectable level within 5 min in this study.   
Compared to previous studies, the removal efficiencies of many 
pharmaceuticals by sewage waste water treatment plants are poor. The 
pharmaceuticals in the WWTP effluent could be detected with the 
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concentration levels up to ng/l to µg/l levels. For example, the removal 
efficiency of carbamazepine was less than 10% in most studies (Zhang et al., 
2008b; Naddeo et al., 2009), in certain cases, the carbamazepine 
concentrations were even higher in the treated effluent than the influent ones 
probably due to the conjugation/deconjugation processes that occur during the 
activated sludge treatment (Radjenović et al., 2009), while the β–blockers such 
as atenolol and sotalol had removal efficiencies within 0~46% and 15~36% 
ranges by WWTP (Castiglioni et al., 2006; Radjenović et al., 2009). Their 
removal in WWTP was supposed to be achieved by biological degradation and 
slight adsorption to sludge. Particularly, acetaminophen, E1, E2 and caffeine 
showed higher removal efficiency in the municipal WWTPs (＞80%) but still 
could not be removed completely (Behera et al., 2011). In this point of view, 
to completely remove the pharmaceutical pollutants, an effective and efficient 
tertiary wastewater treatment process is required.  
Based on this part of study, the UVA/LED/TiO2 system exhibited excellent 
removal ability for the removing of various pharmaceuticals and its further 
optimum operational condition will be studied in the following research. 
4.4 Optimization of photocatalytic process for Ace degradation 
The major factors affecting photocatalytic process for pharmaceuticals include 
the initial pharmaceutical concentration, the dosage of catalyst, the reactor’s 
design, the dosage of illumination, temperature, pH and others. Gogate and 
Pandit (2004) pointed out that the use of excessive catalyst may reduce the 
amount of energy being transferred into the medium due to the opacity offered 
by the catalyst particles.  In this study, the effect of catalyst dosage was 
investigated first followed by other factors. 
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4.4.1 Effect of TiO2 dosage  
 
Figure 4.5- Normalized Ace concentration change during 
photo/photocatalytic oxidation of Ace under different concentration of 
TiO2. Insert: apparent rate constant against TiO2 concentration. 
[Ace]0=200 ppb, Temp.=25 ℃, light intensity=2 mW/ cm2, pH=5.6. The 
data represent means ± SD (n=5) 
To investigate the effect of TiO2 loading on degradation of Ace, a series of 
TiO2 dosage ranging from 0.005 to 0.06 g/L was studied. As shown in Figure 
4.5, the rate constant increased with increasing dosage of TiO2 and later 
leveled off at the higher dosage of TiO2. The increase of degradation 
efficiency can be explained as being due to the increase in total surface area of 
the catalyst, namely number of active sites available for the photocatalytic 
reaction as the dosage of catalyst increased. This interpretation is relatively 
consistent with the experiments conducted by Wong and Chu (2003). 
However, with further increase in catalyst loading, the number of active sites 
on the TiO2 surface would almost become constant due to the decreased light 
penetration, the increased light scattering and the loss in surface area 
occasionally by agglomeration at a high solid concentration. In addition, above 
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a certain level the amount of substrate molecules would not be sufficient to fill 
the surface active sites of TiO2. Hence further addition of catalyst did not lead 
to the enhancement of the degradation rate. The results were in good 
agreement with those reported in the literature (Toor et al., 2006; Kaur and 
Singh, 2007). 
One thing is worth to point out is that the average dosage of TiO2 for this 
study was much less than those applied in previous studies (Daneshvar et al., 
2004; Yang et al., 2008). The TiO2 concentration applied in Daneshvar et al.’s 
study was up to 0.4 g/l while it was applied up to 7.0 g/l in Yang et al.’s study. 
The lower concentration required in this study is probably because of the 
higher light intensity from the LED lamps (2 mW/cm2) applied in this research 
compared to the lower light intensity (0.86 mW/cm2) given by traditional 
mercury lamp used in their studies (Daneshvar et al., 2004). Another reason is 
because of the chosen lower initial pharmaceutical concentration (200ppb) 
compared to those used in their studies (30 ppm in Daneshvar’s study).  
 Chapter 4 UVA/LED/TiO2 Process for Photocatalytic Degradation 
100 
 
4.4.2 Effect of initial pharmaceutical concentration 
 
Figure 4.6- Normalized Ace concentration change during 
photo/photocatalytic oxidation of Ace with different initial concentrations 
of Ace. Insert: the linear relationship between reciprocal initial pseudo-
first reaction rate constant and initial Ace concentration. TiO2=0.01 g/L, 
Temp.=25 ℃, light intensity=2 mW/ cm2, pH=5.6. The data represent 
means ± SD (n=5) 
To study the effect of initial concentration of pharmaceuticals, the range of 
initial Ace concentration was chosen at 100 ppb~385 ppb. Experiments 
showed that the apparent reaction rate constant decreased with the increasing 
initial concentration of Ace. The increased initial Ace could occupy more 
active sites on the catalyst surface, thus suppress the generation of oxidation 
radicals. In addition, more Ace in the reaction solution could compete with 
TiO2 for limited photons. The decreased degradation rate also suggested that 
there could be a competition between the intermediates and Ace for the active 
sites on the surface of catalyst (Zhong et al., 2007). The effect of initial 
organic pollutant concentration has also been proved by Chen and Ray (1998). 
Their reports found out that the reciprocal initial degradation rate decreased 
with reciprocal initial concentration of 4-NP when initial 4-NP concentration 
increased from 10 ppm to 120 ppm.  
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In photocatalytic process, the relationship of initial pharmaceutical 
concentration and degradation rate could be modeled using the Langmuir-
Hinshelwood (L-H) equation (Behnajady et al., 2006): 
𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑘𝑘𝑖𝑖𝑛𝑛𝑖𝑖 𝑘𝑘𝐴𝐴𝐴𝐴𝐴𝐴1+𝑘𝑘𝐴𝐴𝐴𝐴𝐴𝐴 [𝐴𝐴𝐴𝐴𝐴𝐴 ]0                 Equation 24 






[𝐴𝐴𝐴𝐴𝐴𝐴]0 + 1𝑘𝑘𝑖𝑖𝑛𝑛𝑖𝑖 𝑘𝑘𝐴𝐴𝐴𝐴𝐴𝐴                 Equation 25 
Where 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎  is the apparent pseudo-first reaction rate (min
-1), 𝑘𝑘𝑖𝑖𝑛𝑛𝑖𝑖  and 𝑘𝑘𝐴𝐴𝐴𝐴𝐴𝐴  are 
the intrinsic reaction rate constant and L-H adsorption constant, respectively. 
The results in this study given in the insert of Figure 4.6 showed a satisfactory 
linear relationship (r2=0.9707) between 1/kapp and [𝐴𝐴𝐴𝐴𝐴𝐴]0. 𝑘𝑘𝐴𝐴𝐴𝐴𝐴𝐴  was obtained 
with a value of 0.1523 ppb−1. The satisfactory linear relationship in Figure 4.6 
proved that for the high power UVA/LED lamps, the degradation of Ace was 
surface controlled, which means reactions happening on the activated surface 
of TiO2 play an important role in the degradation reaction (Chen and Ray, 
1998).  Compared with previous study, the results in this study turned out to 
be much better fitted with the L-H equation (in their research, r2=0.93) (Yang 
et al., 2008), this is because the dosages of TiO2 used in our experiments were 
much less (0.01 g/L compared to 0.4 g/L in Yang’s study). The less TiO2 
dosage could allow more UV light penetrate deeper in the water sample and 
thus create more activated TiO2 surface. 
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4.4.3 Effect of light intensity  
 
Figure 4.7- Effect of light intensity on the degradation of Ace. The insert 
represents the relationship between lnkapp and lnI. TiO2=0.01 g/L, 
Temp.=25 ℃, pH=5.6. The data represent means ± SD (n=5) 
By increasing the current through LED lamps, the light intensity produced by 
the selected UVA/LED could be increased. In this research, if the distance 
between the light source and the detector was 2 cm, the light intensity could be 
adjusted in the range of 0~9 mW/cm2. With a large current, the UVA/LED 
lamps could produce a high light intensity, however, the heat generated by 
UVA/LED lamps would increase substantially at the same time, which may 
lead to the overheating of lamps. So in this research, the studied range of light 
intensity was chosen as 1~4 mW/cm2. As shown in Figure 4.7, when the light 
intensity increased from 1 mW/cm2 to 4 mW/cm2, the pseudo-first order 
reaction rate increased from 0.0805 min-1 to 0.1982 min-1. The following 
equation was obtained in this research to describe the relationship between 
light intensity and the reaction rate constant (D'Oliveira et al., 1990): 
 𝒌𝒌𝒂𝒂𝒂𝒂𝒂𝒂 ∝ 𝑰𝑰𝟎𝟎.𝟓𝟓𝟓𝟓𝟑𝟑𝟐𝟐                   
Equation 26 
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Previous studies (D'Oliveira et al., 1990; Al-Sayyed et al., 1991; Ollis et al., 
1991; Chen and Ray, 1998) on the relationship between photocatalytic 
degradation rate and illumination intensity indicated that at low levels of 
illumination, the degradation rate was first-order reaction (β=1) which 
indicates that under this condition, it is catalyst dependent (Chen and Ray, 
1998). While at high light intensity, the reaction rate increased with the square 
root of first-order in intensity. Increased illumination could result in an 
increase in reaction rate, until the mass transfer limit was encountered. With 
the high intensity range chosen in this study, the β value achieved 0.5732 
indicated that under those illumination intensities, the degradation rate was not 
significantly catalyst dependent. Several studies (Al-Sayyed et al., 1991; Ollis 
et al., 1991; Inel and Ökte, 1996) attributed the decrease of 𝛽𝛽 from 1.0 to 0.5 
to the recombination of photoproduced electron–hole pairs at high light 
intensity. This is obviously detrimental to the photocatalytic process as the 
quantum efficiency would decrease. To slow down the recombination process, 
better electron acceptors, such as H2O2 (Ollis et al., 1991) and/or O2 (Yang et 
al., 2008) could be added into the water sample during illumination. The 
addition of H2O2 or O2 into photocatalytic solution could trap electrons and 
enable reactions of valence band holes with species adsorbed over the TiO2 
surface, thus enhance the whole photocatalytic reaction. In addition, the added 
H2O2 or O2 can react with electrons to generated highly active hydroxyl 
radicals which could accelerate the photocatalytic process (Zhang et al., 2011). 
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4.5 Degradation kinetic study  
 
Figure 4.8- Experimental and calculated normalized Ace concentration 
versus irradiation time under different initial Ace concentrations and 
light intensities 
Equation 16 has been widely regarded as a practical degradation kinetic 
expression that could predict the concentration profiles during photoreaction 
for traditional mercury UV lamp (Chen and Ray, 1998; Daneshvar et al., 2004; 
Yang et al., 2008). To better understand the characteristics of the newly 
emerging high power UVA/LED and for the seemly possible future 
application in water treatment, a series of experiments were carried out for 
Ace degradation in this study. The experiments were conducted at a pH value 
of 5.6~5.7, constant TiO2 concentration of 0.01 g/l and constant O2 
concentration (open to the air with constant speed of stirring). While other 
parameters were varied as follows: I=1~3 mW/cm−2, [Ace]0=100~385 ppb.  So 
in this research, Equation 16 was simplified as follows: 
𝒓𝒓𝒔𝒔 = 𝑲𝑲 × 𝑰𝑰𝜷𝜷 × [𝑨𝑨𝑨𝑨𝑨𝑨]𝟏𝟏+𝑲𝑲𝑺𝑺×[𝑨𝑨𝑨𝑨𝑨𝑨]𝟎𝟎                 Equation 27 
Where K is the combined reaction rate constant. 
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Employing experimentally obtained kinetic constants, the following kinetic 
expression was obtained with satisfactory agreement: 
𝒓𝒓𝒔𝒔 = −𝟐𝟐.𝟒𝟒𝟏𝟏𝟒𝟒𝟒𝟒 × 𝑰𝑰𝟎𝟎.𝟓𝟓𝟓𝟓𝟑𝟑𝟐𝟐 × [𝑨𝑨𝑨𝑨𝑨𝑨]𝟏𝟏+𝟎𝟎.𝟏𝟏𝟓𝟓𝟐𝟐𝟑𝟑×[𝑨𝑨𝑨𝑨𝑨𝑨]𝟎𝟎              Equation 28 
Figure 4.8 is a comparison between the experimental Ace concentration 
change profile and calculated Ace concentrations against time. This graph 
indicated that the above equation could be used to predict the pharmaceutical 
concentration along the reaction time. Matlab was also applied in this study to 
simulate the relationship among first-order rate constant, initial Ace 
concentration and light intensity as shown in Figure 4.9. The graph indicated 
that with higher light intensity and lower initial Ace concentration, the 
reaction rate was faster. This also implies the future application of UVA/LED 
lamps because by only adjusting the current going through the lamps, 
UVA/LED could give higher light intensity compared with traditional mercury 
lamp. So in practical application, if high power UVA/LED with high light 
intensity would be applied instead of mercury lamp, less illumination time 
would be required for the complete removal of target pollutants. 




Figure 4.9- The relationship of calculated first-order rate constant, initial 
Ace concentration and light intensity, simulated using Matlab 
4.6 Summary 
The photocatalytic degradation of eight selected pharmaceuticals was studied 
using TiO2-P25 as the catalyst and UVA/LED as the light source. All of the 
selected pharmaceuticals could be degraded into non-detectable levels within 
20 min. Different factors affecting photocatalystic degradation process was 
investigated using Ace as target pharmaceutical. Results showed that with 
UVA/LED alone, negligible amount of Ace was degraded, while in the 
presence of TiO2, the concentration of Ace decreased substantially. In most 
experiments of this study, Ace could be degraded to non-detectable level 
within 20 minutes. The optimal operating conditions for the developed 
UVA/LED system were investigated. The apparent degradation rate increased 
dramatically when the concentration of TiO2-P25 increased from 5 ppm to 20 
ppm. However, the degradation rate decreased with the increase of the initial 
Ace concentration, and the inverse of degradation rate was found to be in 
linear relationship with the initial concentration of Ace. Meanwhile, the 
degradation rate increased steadily with the increase of light intensity from 1 
mW/cm2 to 3 mW/cm2.  Based on the experimental data, the following kinetic 
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equation was achieved by a kinetic modeling: rs = −2.4168 × I0.5732 ×[Ace ]1+0.1523×[Ace ]0, which is also in agreement with the Langmuir-Hinshelwood 
law. The results of this study could contribute to the future application of 
UVA/LEDs in water and wastewater treatment. 
  
 Chapter 5 Effects of Periodic Illumination and H2O2 Addition 
108 
 
CHAPTER 5 PHOTONIC EFFICIENCY AND 
DEGRADATION RATE OF PHARMACEUTICAL BY 
UVA/LED/TIO2 PROCESS: EFFECT OF DUTY CIRCLE, 
CIRCLE TIME AND H2O2 ADDITION 
5.1 Background 
The main objective of this study is to improve the degradation rate and 
photonic efficiency for Ace degradation by the UVA/LED/TiO2 photocatalytic 
system by changing circle time, duty circle as well as by H2O2 addition. Ace 
as a widely used over-the-counter analgesic and antipyretic was applied as the 
target pharmaceutical pollutants in this part of study. 
In this particular scenario, CPI was two-dimensionally defined: specified by 
both circle time (β = τL + τD) and duty circle (γ = τL/(τL + τD)). Circle time 
stands for one circle light/dark time length and duty circle stands for the ratio 
of light time during one circle. The unit of circle time is millisecond while the 
unit of duty circle is 1. With this two-dimensional definition method, a specific 
CPI mode can be specified. With the help of a program controller in this study, 
light time (τL) and dark time (τD) were changed independently and this two 
factors were both studied in this research. In addition, in order to further 
improve the photonic efficiency and degradation rate, the effect of hydrogen 
peroxide addition was studied under both continuous illumination mode and 
CPI mode. 
5.2 Effect of duty circle on photonic efficiency and degradation rate  
Photocatalytic process is initiated by UV light with irradiation energy greater 
than TiO2 band gap energy. This process is in femto-second time range and 
with the generation of valence band holes and conduction band electrons. 
After that, the following relatively slow reactions (nanosecond to millisecond 
range) do not require UV illumination and they are as a whole regarded as 
dark reactions. Dark reactions are the rate-limiting steps for TiO2-photocatlytic 
process. Sczechowski et al. (1993b) reported that periodic illumination of TiO2 
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could allow more time for this rate-limiting step to occur. During dark reaction, 
hydroxyl radicals are generated and they are reported as the dominant 
oxidizing agent which can further oxidize organic compounds (Mills and Le 
Hunte, 1997; Carp et al., 2004; Gaya and Abdullah, 2008). So in order to 
enhance photocatalytic process, the increase of hydroxyl radical concentration 
during the whole process is significantly important. 
 
Figure 5.1- Effect of duty circle on photodegradation rate and photonic 
efficiency for the degradation of Ace. [Ace]0=200 ppb, TiO2=10 ppm, 
Temp.=25 ℃, light intensity=5 mW/cm2, pH=5.6, circle time=100 ms. The 
data represent means ± SD (n=3). 
To investigate the effect of controlled periodic illumination on photocatalytic 
process, the effect of duty circle was studied, and the results are shown in 
Figure 5.1. In Figure 5.1, circle time was kept constant as 100 ms. The results 
suggest that the apparent pseudo-first reaction rate increased linearly with the 
increase of duty circle until it reached 0.8 (80 ms light time and 20 ms dark 
time). This linear relationship (R² = 0.996) indicates that within 0.2~0.8 duty 
circle range, degradation reaction was surface controlled. The more 
illumination during a fixed reaction time, the faster the degradation rate was. 
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Under continuous illumination mode (when duty circle was 1), Ace 
decomposition rate constant did not increase anymore but stayed relatively the 
same as that under 0.8 duty circle. This was in consistent with Chen et al.’s 
study (Chen et al., 2007b). In their study, the effect of UV-LEDs flashing on 
the degradation of o-cresol in aqueous solution by UV/TiO2 process was 
investigated. Their results showed that the decomposition rate of o-cresol first 
increased steadily when the duty circle increased from 0 to 0.8 while stayed 
relatively stable with further increase of duty circle from 0.8 to 1.  To explain 
this result, we hypothesize that the dark time during periodic illumination 
could be divided into two different time domains. Time domain-1 is the short 
time right starting from the point where the light is turned off, and ending at 
when most of the residue hydroxyl radicals have been consumed. Time 
domain-2 is the rest of dark time until the light is turned on again in the next 
light-dark circle. In time domain-1, high-concentration residue hydroxyl 
radical species produced can still undergo a series of dark reactions and 
oxidize organic pollutants. However, the residue hydroxyl radicals can be 
consumed with time very fast. Once most of the hydroxyl radicals are 
consumed, it may enter into dark time domain-2 where the reaction rate is 
extraordinarily low. In addition, the adsorption of target pollutant to the active 
catalyst surface was one of the key steps for photocatalyst process. As pointed 
out by Buechler et al. (1999c), during the dark period of a periodic 
illumination, TiO2 surface has time to desorb the intermediates and products 
generated during previous illumination time and gives more opportunity for 
the absorption of target pollutant and oxygen. Hence, the application of 
periodic illumination is in favor of active sites renewal on catalyst surface and 
thus promotes the overall photocatalytic efficiency. Based on this hypothesis, 
the overall reaction for total dark time period is fast if time domain-1 
dominates the dark time period, where as if time domain-2 dominates, the 
overall reaction could be relatively slow. The reaction during dark time under 
0.8 duty circle was dominated by dark time domain-1 according to this 
hypothesis. So the overall reaction was fast and comparable to that under 
continuous illumination. However when duty circle was 0.2 in this study, dark 
time domain-2 dominated the dark time period. The reaction during dark time 
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period was slow which further led to an overall slow reaction under this duty 
circle. 
The photonic efficiency in this study in Figure 5.1, however, followed the 
opposite trend. It decreased constantly with the increase of duty circle until 
continuous illumination mode. The characteristic point was at duty circle of 
0.2 and 1. When duty circle was 0.2, photonic efficiency reached its highest 
value. This is probably because under the same circle time (100 ms), longer 
dark time could fully use residue hydroxyl radicals. In spite of the similar 
degradation rate under continuous mode and 0.8 duty circle, the photonic 
efficiency dropped dramatically for continuous mode. This is because for the 
same reaction time, illumination time was 20% shorter than those under 
continuous illumination. The photons generated were less as well. Therefore, 
the overall photonic efficiency for 0.8-duty circle was much higher than that 
under continuous mode. 
Sczechowski et al. is one of the first researchers who systematically studied 
the effect of periodic illumination on photonic efficiency (Foster et al., 1996; 
Wang and Ku, 2006; Chen et al., 2007b). In their study, a 40W black light was 
applied and the periodic illumination was created by covering majority of the 
bulb with aluminum foil. They finally found a 500% increase of photo-
efficiency for formate decomposition when the illumination time was 72 ms 
and the dark recovery time was 1.45 s (corresponding to 0.05 duty circle). The 
photonic efficiency enhancement found in our study was however lower. This 
is probably because the duty circle applied in this study was much larger. 
Chen et al. (2007b) and Tokode et al. (2012) later used 395 nm and 360 nm 
LED lamps, respectively to degrade dye solutions. In both of their studies, a 
substantially higher photonic efficiencies were also found with periodic 
illumination than those with continuous illumination which is in good 
agreement with the results in this study. In Chen et al.’s study, the photonic 
efficiency for the degradation of o-cresol decreased dramatically with the 
increase of duty circle. In Tokode et al.’s study, the same decreasing trend of 
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photonic efficiency was found for the degradation of methyl orange with the 
increase of duty circle. 
5.3 Effect of circle time on photonic efficiency and degradation rate  
 
Figure 5.2- (A) Effect of circle time on photodegradation rate constant 
and photonic efficiency. (B) Linear relationship between rate constant 
and natural logarithm of circle time when circle time was less than 400 ms. 
[Ace]0=200 ppb, TiO2=10 ppm, Temp.=25 ℃, light intensity=5 mW/cm2, 
pH=5.6, duty circle=0.5. The data represent means ± SD (n=3) 
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Based on the experimental results (Figure 5.2 (A)), circle time appeared to be 
another important factor which could affect both reaction rate and photonic 
efficiency significantly, especially when it was shorter than 400 ms (200 ms + 
200 ms). Reaction rate decreased dramatically with the increase of circle time 
until 400 ms while the change of photonic efficiency followed the same trend. 
After that, both reaction rate and photonic efficiency stayed stable in the 
studied range. The fastest reaction rate was found when the shortest circle time 
(20 ms) was applied. The results could still be explained by our previous 
hypothesis. When circle time was 20 ms, soon after the residue hydroxyl 
radicals had been consumed, the light was quickly turned on again and the 
light-dark cycle started again. If no extra substance was added, the residue 
hydroxyl radicals in dark time domain-1 here was limited and relatively 
constant so time domain-1 was a relatively short and constant time period. 
Short circle time could help minimize dark time domain-2 and make dark time 
domain-1 dominate the whole dark period, so the overall reaction rate under 
dark period could be fast which further increased the overall decomposition 
rate. In Figure 5.2 (A), with the increase of circle time, time domain-2 
gradually dominated the dark time. Once the circle time increased to a certain 
value-in this study more than 400 ms, both reaction rate and photonic 
efficiency would not change with further increase of circle time and the 
advantage of utilizing residue hydroxyl radicals could be neglected. On the 
other hand, for a 5 min reaction time with a circle time of 20 ms and 1000 ms, 
the light was turned off for 15,000 times and 300 times, respectively. This 
indicates that high-concentration residue hydroxyl radicals can be used for 
more times in dark time periods under 20 ms circle time condition compared 
to longer circle time condition. This result is in accordance with the one of the 
periodic illumination studies in which a higher photonic efficiency under high-
frequency pulsing condition was found (Catherine et al., 2001). In their study, 
they found out that under periodic illumination, photonic efficiency began to 
rise from its minimum value for light periods less than 1s, regardless of the 
duty circle. They also pointed out that photocatalytic photonic efficiency on 
nanoparticle surface was actually insensitive to events in the sub-milliseconds 
domain.    
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Furthermore, a linear relationship was found between the reaction rate and the 
natural logarithm of circle time when circle time was no more than 400 ms in 
this study. After circle time increased more than 400 ms, the reactions in time 
domain-1 during dark period did not dominate the whole dark period that the 
total reaction rate during the dark period was relatively low and stable. The 
linear relationship in the range of 0~400 ms circle time was shown in the 
Figure 5.2 (B). This finding could provide a reference for future modeling 
study on effect of circle time on the photocatalytic degradation of organic 
pollutants. 
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5.4 Effect of H2O2 addition on photonic efficiency and degradation rate  
 
Figure 5.3- Effect of H2O2 on (A) Reaction rate and (B) Photonic 
efficiency for the degradation of Ace under both continuous illumination 
mode and CPI mode. [Ace]0=200 ppb, TiO2=10 ppm, Temp.=25 ℃, light 
intensity=5 mW/cm2, pH=5.6. For CPI mode, duty circle was 0.5 and 
circle time was 100 ms.  The data represent means ± SD (n=3) 
Figure 5.3 (A) and Figure 5.3 (B) verify the enhancing effect of H2O2 for both 
continuous illumination mode and CPI mode. In Figure 5.3 (A), the 
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degradation rate constant increased gradually with the increase of H2O2 
concentration. But no matter what H2O2 concentration was, the rate constant 
under continuous illumination mode was slightly higher than that under CPI 
mode. This is due to the greater amount of photons during the same reaction 
time under continuous illumination mode. In Figure 5.3 (B), however, the 
photonic efficiency under periodic illumination was always higher than that 
under continuous illumination. When H2O2 was added with the highest 
concentration in this study, the difference of photonic efficiency under CPI 
mode and continuous illumination mode was the biggest. Based on the results 
in Figure 5.3, it can be concluded that the addition of H2O2 into heterogeneous 
system was more significant for periodic illumination in photonic efficiency. 
H2O2 functions in two different ways to accelerate the photocatalytic process 
(Equations 29 and 30) (Sauer et al., 2002; Daneshvar et al., 2003). Firstly, it 
could act as alternative electron acceptors and restrain the electrons and holes 
recombination process. Secondly, H2O2 could be reduced at conductance band 
or react with electron from superoxide to produce hydroxyl radicals. None of 
these two functions require the existence of UV illumination. In this point of 
view, the addition of H2O2 may have better performance under CPI mode. In 
one way, under CPI mode, H2O2 could increase hydroxyl radical concentration 
to accelerate the degradation rate during time domain-1. In the other way, by 
decreasing the recombination of electron-hole pairs, time domain-1 might be 
prolonged. If dark period time is kept unchanged, the overall reaction rate and 
photonic efficiency might increase with the addition of H2O2.  
𝐞𝐞− + 𝐇𝐇𝟐𝟐𝐎𝐎𝟐𝟐 → 𝐎𝐎𝐇𝐇− +∙ 𝐎𝐎𝐇𝐇                Equation 29 
∙ 𝐎𝐎𝟐𝟐
− + 𝐇𝐇𝟐𝟐𝐎𝐎𝟐𝟐 → 𝐎𝐎𝐇𝐇− +∙ 𝐎𝐎𝐇𝐇 + 𝐎𝐎𝟐𝟐               Equation 30 
As expected in this study, the degradation rate of Ace increased with the 
increase of H2O2 concentration within the studied range. It is however also 
worthy to mention that, at high concentration, hydrogen peroxide could also 
become a powerful ∙ OH scavenger and compete with organic pollutants for 
surface sites on the photocatalyst (Carp et al., 2004). It was further observed 
that there was an optimum H2O2 concentration for the photodecomposition of 
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organic pollutants (Chen et al., 2001). Once the H2O2 concentration was 
higher than the optimum level, the overall degradation rate would be hindered 
by the negative effect of excess H2O2.  
5.5 Effect of H2O2 on degradation rate and photonic efficiency under 
different duty circles  
 
Figure 5.4- Effect of H2O2 on degradation rate and photonic efficiency 
under different duty circles: (A) Reaction rate constant (B) Photonic 
efficiency. [Ace]0=200 ppb, TiO2=10 ppm, Temp.=25 ℃, light intensity=5 
mW/cm2, pH=5.6. For periodic illumination, circle time was 100 ms. The 
data represent means ± SD (n=3) 
 Chapter 5 Effects of Periodic Illumination and H2O2 Addition 
118 
 
In section 5.2, smaller duty circle was found better in performance considering 
that it could give higher photonic efficiency. In this part of study, H2O2 was 
introduced and the performance of different duty circle with addition of H2O2 
was investigated. In this part of study, H2O2 concentration was kept 
unchanged as 16.24 ppm. 
Addition of H2O2 to heterogeneous system is a good method to increase 
hydroxyl radical concentration for photocatalytic process (Buechler et al., 
1999a; Wang and Hong, 1999; Carp et al., 2004). With the addition of H2O2, 
the generated hydroxyl radical concentration in the water solution increased 
both under illumination period and under dark period. The results shown in 
Figure 5.4 (A) and Figure 5.4 (B) suggest that, both reaction rate and photonic 
efficiency increased dramatically after the addition of H2O2. In Figure 5.4 (A), 
the most significant enhancement after addition of H2O2 was found under 0.2 
duty circle condition. When duty circle was 0.2, with the introduction of H2O2, 
the apparent pseudo-first reaction rate constant was increased by 5.8 times. In 
Figure 5.4 (B), photonic efficiency was enhanced dramatically by the addition 
of H2O2. Under 0.2 duty circle, the enhancement effect was found most 
significant. Based on the results in Figure 5.4 (A) and (B), the most significant 
enhancement effect on degradation rate and photonic efficiency were both 
found under the smallest duty circle-0.2. A possible reason is that with the 
addition of H2O2, the degradation reaction during dark period in time domain-
1 could be strengthened so that degradation rate and the length of time 
domain-1 could increase and more target pollutants could be degraded during 
this period. Small duty circle under the same circle time could give more time 
for the dark reactions to take place. As there is no illumination during dark 
period, the more reactions in dark period, the higher the photonic efficiency 
was.  
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5.6 Effect of H2O2 on degradation rate and photonic efficiency under 
different circle times  
 
 
Figure 5.5- Effect of H2O2 on degradation rate and photonic efficiency 
under different circle times: (A) Reaction rate constant (B) Photonic 
efficiency. [Ace]0=200 ppb, TiO2=10 ppm, Temp.=25 ℃, light intensity=5 
mW/cm2, pH=5.6. For periodic illumination, duty circle was set as 0.5. 
The data represent means ± SD (n=3) 
The effect of H2O2 addition under different circle times is shown in Figure 5.5. 
As expected, both reaction rate and photonic efficiency increased with H2O2 
 Chapter 5 Effects of Periodic Illumination and H2O2 Addition 
120 
 
addition under both continuous illumination mode and CPI mode. The most 
significant enhancement after addition of H2O2 was still found under 20 ms 
circle time condition. Under this circle time condition, the addition of H2O2 
resulted a 1.4 times increase of apparent pseudo-first order reaction rate 
constant (Figure 5.5 (A)) and 1.5 times increase of the photonic efficiency 
(Figure 5.5 (b)). This increase is because, for the shorter circle time, time 
domain-1 dominates the dark period, the introduction of H2O2 could increase 
the reaction rate during dark time domain-1, strengthening and prolonging 
dark time domain-1. While for the longer circle time, the increase of time 
domain-2 compensated this enhancement effect.  
5.7 Mineralization enhancement by the addition of H2O2  
 
Figure 5.6- Ace degradation and mineralization in 60 min. [Ace]0=20 ppm, 
TiO2=100 ppm, Temp.=25 ℃, light intensity=5 mW/ cm2, pH=5.6. The 
data represent means ± SD (n=3) 
In this part of study, effect of H2O2 addition on Ace mineralization was 
studied and the results are shown in Figure 5.6. In Figure 5.6, after 30 min 
reaction, the mineralization of Ace was slightly increased after the addition of 
H2O2 (22% and 24% mineralization after 60 min reaction). While at the same 
time, Ace degradation was extensively accelerated after the addition of H2O2 
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(57% and 100% degradation after 45 min reaction). Incomplete mineralization 
indicates that degradation intermediates were generated which will be 
discussed in next chapter. Cornish et al. (2000) reported an approximately 18% 
mineralization of microcystin-LR with the introduction of H2O2 into 
photocatalytic process compared to only 6.4% mineralization without H2O2 
addition. The enhancement in mineralization effect was found higher in their 
study probably because of the longer reaction time they investigated (100 min). 
The addition of H2O2 could increase the concentration of hydroxyl radicals 
which could further react with Ace and its by-products that did not interact 
with TiO2. 
5.9 Summary 
In this photocatalytic decomposition study, controlled periodic illumination by 
UVA/LED lamps exhibited greater performance compared to continuous 
illumination under the same corresponding situations. Both duty circle and 
circle time had significant effects on the degradation performance under 
controlled periodic illumination. The highest photonic efficiency was found 
under the smallest duty circle (0.2) or the shortest circle time (20 ms) in the 
studied range. Small duty circle and short circle time increased the utilization 
of residue hydroxyl radicals. The addition of H2O2 was found to be able to 
increase both decomposition rate and photonic efficiency, especially for 
controlled periodic illumination. H2O2 addition could increase residue 
hydroxyl radical concentration and reduce the recombination of photo-
generated electron-hole pairs. So it could magnify the advantages of small 
duty circle and short circle time by strengthening and prolonging reactions in 
time domain-1 during dark periods. The superior performance of periodic 
illumination by UVA/LED could provide useful information for future 
application of LED lamps into water treatment process.    
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CHAPTER 6 INTERMEDIATE IDENTIFICATION AND 
PRELIMINARY MECHANISM STUDY 
6.1 Background 
The main objective for this part of study is to identify the intermediates 
generated during UV/TiO2 photocatalytic process for four selected 
pharmaceutical compounds, including: acetaminophen, sulfamethoxazole, 
carbamazepine, and caffeine. In addition, with reference to the identified 
intermediates, the degradation mechanistic pathways involved in the 
photocatalytic degradation process were proposed. Valence band holes and 
hydroxyl radicals are two of the most important oxidants in photocatalytic 
process (Fenoll et al., 2013). Target pollutants could be directly oxidized by 
the photo-generated valence band holes and the produced hydroxyl radicals. In 
this study, to investigate the importance of valence band holes and the 
produced hydroxyl radicals, different scavengers were introduced and their 
effects on the photocatalytic degradation process were studied. The 
importance and contribution of valence band holes and produced hydroxyl 
radicals in the photocatalytic process were also discussed in this study. 
 
Figure 6.1- Normalized TOC and Ace concentration change during 
photocatalytic process. [Ace]0=20 ppm, TiO2=100 ppm, Temp.=25 ℃, light 
intensity=5 mW/ cm2, pH=5.6. The data represent ± SD (n=3) 
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6.2 Photocatalytic intermediate identification and pathway determination  
6.2.1 Acetaminophen 




Name Tret (min) 
 
m/z Structure 
Acetaminophen Acetamide 5.15 59 
 
Hydroquinone 7.00 110 
 
Malonic acid 2.65 104 
 
 




Figure 6.2- GC/MS chromatograms of (a) Ace, (b) acetamide, (c) 
hydroquinone and (d) malonic acid 
Actamide (Figure 6.2 (b)), hydroquinone (Figure 6.2 (c)) and malonic acid 
(Figure 6.2 (d)) were identified as the degradation intermediates during the 
photocatalytic reaction of Ace. Based on their chemical structures, a reaction 
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route for the Ace degradation by UV/TiO2 photocatalysis was thus proposed 
as shown in Figure 6.3. It is well-known that the degradation of organic 
compounds by UV/TiO2 photocatalytic process occured via the in situ 
generation of free hydroxyl radicals (OH.). In Figure 6.3, an initial OH. attack 
at the aromatic ring of Ace (1) was the first oxidation step. This attack could 
lead to the formation of hydroquinone (2), via a mechanism involving the ipso 
substitution of the acetamide moiety (3) by the hydroxyl radicals. Dihydroxy 
Ace was formed via twice electrophilic attack of hydroxyl radicals at the 
availed positions of the aromatic ring. Malonic acid (5) was also determined in 
this study. According to the literature (Yang et al., 2008), malonic acid was 
generated from successive oxidation of dihydroxy Ace (4). Finally, all these 
determined intermediates would be further converted to CO2 and H2O. 
 



















Figure 6.4- GC/MS chromatograms of (a) sulfamethoxzole and (b) (4-
aminophenyl) sulfonyl urea 
Only one intermediate (4-aminophenyl) sulfonyl urea was identified by 
GC/MS analysis for sulfamethoxazole in this study. The results of GC/MS 
analysis shows that the mass spectrums of sulfamethoxazole and (4-
aminophenyl) sulfonyl urea were quite similar, and their retention times were 
almost the same too. However, along the photocatalytic reaction process, the 
area of the peak representing sulfamethoxazole kept decreasing, while the area 
of another peak representing (4-aminophenyl) sulfonyl urea kept increasing 
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constantly. This phenomenon indicates that the two peaks in Figure 6.4 
represented two different compounds, Figure 6.4 (a) was the parent 
compound- sulfamethoxazole which was continuously consumed by 
photocatalytic degradation, and Figure 6.4 (b) was the intermediate that 
generated during the photocatalytic reaction. Figure 6.5 represents the reaction 
pathway proposed with corresponding identified intermediate. The first 
degradation step was a hydroxylated analogue of sulfamethoxazole (2). 
According to Abellan et al. (2007), the attack of OH∙ to the molecule probably 
occured on the isoxazole ring. After that, the isoxazole ring was broken into 
the 1-amino-2-propanone chain, and the identified (4-aminophenyl) sulfonyl 
urea was generated (3). Subsequent oxidations of these smaller molecules 
would involve the formation of mineral acids and anions such as SO42- and 
NH4+. 
 
Figure 6.5- Sulfamethoxazole photocatalytic degradation pathway 
 
 








Name Tret (min) m/z Structure 
Carbamazepine 
 
Dibenzazepine 22.75 193 
 




Figure 6.6- GC/MS chromatograms of (a) carbamazepine (b) 
dibenzazepine and (c) acridine 
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Dibenzazepine (Figure 6.6 (b)) and acridine (Figure 6.6 (c)) were identified by 
GC/MS analysis during the photocatalytic degradation of carbamazepine. 
According to Kosjek et al. (2009), the formation of dibenzazepine was from 
the thermal breakdown of carbamazepine in GC/MS injector, not from the 
photocatalytic reaction of carbamazepine. In this point of view, the amount of 
dibenzazepine detected should be corresponded to the amount of 
carbamazepine injected to the GC/MS. Figure 6.7 is the proposed 
photocatalytic degradation pathway of carbamazepine with corresponding 
identified intermediates. On reactive site on carbamazepine molecule was the 
carbamyl side chain, its cleavage by thermal degradation could result in the 
formation of dibenzazepine (2). Another reactive site was at the 10, 11-double 
bond, which could be easily attacked by hydroxyl radicals or other oxidation 
reagents to yield the intermediate: 10, 11-epoxycarbamazepine (3). 
Subsequent opening of the epoxide ring would give a labile species that 
suffered a facile ring contraction to acridine-9-carbaldehyde (4). The ring 
contraction took place via a pinacol-type rearrangement. It was because of the 
tendency of azepine ring to yield aromatic structure. Further conversion of 
acridine-9-carbaldehyde leaded to the cleavage of the aldehyde group to form 
acridine (5) (Kosjek et al., 2009). 
 
Figure 6.7- Carbamazepine photocatalytic degradation pathway 
























Figure 6.8- GC/MS chromatograms of (a) caffeine and (b) dimethyl 
parabanic acid 
One intermediate named dimethylparabanic acid (Figure 6.8) was identified 
during the photocatalytic degradation of caffeine. Figure 6.9 is the proposed 
degradation pathway of caffeine by UV/TiO2 photocatalysis. The 
photocatalytic degradation of caffeine was occurred via the in situ generation 
of free hydroxyl radicals. Thus, the proposed degradation pathway for the 
conversion of caffeine (1) to dimethylparabanic acid (2) involved the initial 
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attack of the hydroxyl radicals to the “C4=C8” double bonds in the caffeine 
molecules. After successive hydroxylations and oxidations, compound (3) was 
formed which was later slowly mineralized to CO2, NH3, and NH2CH3. In the 
whole degradation pathway, compound (3) had been proved to be an important 
degradation intermediate of caffeine by ESI-MS/MS analysis method 
(Dalmázio et al., 2005). However, no evidence for detection of compound (3) 
was provided by the GC/MS data in this study. This was probably owing to 
the compound (3)’s high polarity or thermal instability, or both of these 
complication. 
 
Figure 6.9- Caffeine photocatalytic degradation pathway  
6.3 Preliminary mechanism study 
6.3.1 Effect of valence band hole scavenger-KI 
To study the importance and contribution of holes in photocatalytic process, 
KI as a strong valence band holes scavenger, was introduced to the reaction 
system. It has been reported that KI is an effective hole scavenger for 
photocatalytic process (Wang et al., 2012b). The valence band hole could 
easily captured by I- (Chen et al., 2005c). The effect of KI on photocatalytic 
process is shown in Figure 6.10. Results indicate that when KI was used as 
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diagnostic tool for suppressing the hole process, the photocatalytic degradation 
rate was dramatically inhibited. As shown in Figure 6.10, with the increase of 
KI dosage from 0.5 ppm to 500 ppm, the pseudo-first reaction rate constant 
decreased extensively from 0.45 min-1 to 0.05 min-1. The declining trend of 
photodegradation rate in this study revealed the important contribution of 
valence band holes in photocatalytic degradation of Ace. The result is in 
accordance with other studies. For example, the photocatalytic degradation 
rate constant of Acid Orange 7 in aqueous TiO2 suspension was found to 
decrease by 70% and 94% with the addition of 0.001 and 0.10 M KI, 
respectively (Chen et al., 2005c). Another study conducted by He et al. 
indicated that excess KI addition could significantly inhibit the 
photodecomposition of phenol either using Pt/I-TiO2 or I-TiO2 as catalyst (He 
et al., 2009). In their study, they also pointed out that the decreased 
degradation rate proved the fact that the conversion of phenol took place on 
the surface of photocatalyst considering that the photo-generated holes were 
generated on the catalyst surface.  
 
Figure 6.10- Effect of valence band holes scavenger on photocatalytic 
process. [Ace]0=200 ppb, TiO2=10 ppm, Temp.=25 ℃, light intensity=5 
mW/cm2, pH=5.6 
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6.3.2 Effect of hydroxyl radical scavenger-methanol 
It is well-known that alcohols such as methanol, i-PrOH and tert-butanol can 
scavenge the hydroxyl radicals produced in the photocatalytic system, and 
they have been used to estimate the oxidation mechanism (Chen et al., 2005c; 
He et al., 2009). As short aliphatic alcohols have very little adsorption on 
catalyst surface that the direct oxidation of them could be neglected in the 
photocatalytic process and quite often they were used as a diagnostic tool for 
hydroxyl radical (Chen et al., 2005c). Methanol was chosen as the hydroxyl 
radical scavenger in this study. The oxidation potential of methanol is 0.44V 
while its reaction rate constant with hydroxyl radical is 1.0×10-9 M-1s-1 
(Buxton et al., 1988). The adsorption measurements confirmed that the 
addition of methanol concentration from 0.005 to 500 ppb had negligible 
influence on the adsorption of Ace in the slurry system. The degradation rates 
of Ace with various concentrations of methanol are shown in Figure 6.11. 
With the addition of methanol from 0.005 to 500 ppm, the degradation rate 
constant of Ace substantially decreased from 0.44 to 0.0173 min-1. These 
experiments verified the important role of hydroxyl radicals in photocatalytic 
degradation process.  
 
Figure 6.11- Effect of hydroxyl radical scavenger on photocatalytic 
process. [Ace]0=200 ppb, TiO2=10 ppm, Temp.=25 ℃, light intensity=5 
mW/cm2, pH=5.6 
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Results in Figure 6.10 and Figure 6.11 reflect that both hydroxyl radicals and 
valence band holes contributed significantly during the photocatlytic 
degradation of Ace using TiO2 as catalyst. This result is in accordance with 
several studies (Martin et al., 1995; Lee and Yoon, 2004). If we compare the 
reaction rate change with 0.05 ppm KI and 0.05 ppm methanol addition 
respectively, we could get a 0.18 and 0.09 decreasing of reaction rate. The 
stronger hinder with KI at the same concentration indicate that except 
hydroxyl radical, the valence band hole is another main oxidant in 
photocatalytic process. This result is in accordance with previous research 
(Ishibashi et al., 2000). 
Other study which has observed different result reported that excess t-BuOH 
added had no observable effect on the conversion rate of phenol which 
indicated that hydroxyl radicals were not involved in the phototransformation 
process of phenol (He et al., 2009). Photogenerated holes played the dominant 
role. They ascribed the result to the reason that the reaction rate of photo-
generated holes with phenol was faster than the generation rate of hydroxyl 
radicals. Thus, the addition of t-BuOH did not have significant effect on the 
degradation efficiency of phenol. The phenol degradation study revealed that 
the mechanism of photocatalytic process could also be affected by the target 
pollutant physicochemical properties and their adsorption capability to the 
surface of catalyst. 
6.4 Summary 
In this chapter, intermediate products generated were identified by GC/MS 
during UVA/LED/TiO2 photocatalytic process for four selected 
pharmaceuticals. The identified intermediates in case of Ace were acetamide 
(m/z 59), hydroquinone (m/z 110), and malonic acid (m/z 104). While for the 
degradation of ibuprofen, two intermediates were identified: 1- ethenyl - 4 - 
(2- methylprophyl) – benzene (m/z 160) and 1 - (1-hydroxyethyl) – 4 – 
isobuthyl - benzene (m/z 178). The main degradation mechanism for 
ibuprofen was decarboxylation and degradation pathway was proposed. In the 
case of sulfamethoxazole, the identified intermediate was (4-aminophenyl) 
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sulfonyl urea (m/z 215). Identified intermediate from the photocatalytic 
degradation of carbamazepine was acridine (m/z 179). The most important 
intermediate oxidation product during the photocatalytic reaction of caffeine 
determined was dimethylparabanic acid (m/z 142). Based on the intermediates 
indentified, degradation pathways were proposed for selected pharmaceutical 
in this study. 
To illustrate the importance and contribution of two main oxidants in the 
photocatalytic process, KI was added as the photo-generated holes scavenger 
and methanol was added as the hydroxyl radical scavenger. The results 
showed that both hydroxyl radicals and valence band holes played significant 
role for the photocatalytic degradation of Ace in this study. 
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CHAPTER 7 UVA/LED/TIO2 PROCESS FOR 
INACTIVATION/ REACTIVATION OF ANTIBIOTIC-
RESISTANT BACTERIA  
7.1 Background 
In this part of study, high power UVA/LED lamps were chosen for the study 
of antibiotic-resistant bacteria inactivation/reactivation. Both effects of 
continuous illumination and controlled periodic illumination were investigated 
for photocatalytic disinfection process. To increase the germicidal ability of 
high power UVA/LED, a coated TiO2 crystallizing dish was produced. 
According to our best knowledge, this is the first time periodic-illuminated 
photocatalytic disinfection process using UVA/LED has been studied.  
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7.2 Effect of light intensity on antibiotic-resistant bacteria inactivation  
 
Figure 7.1- Effect of light intensity on inactivation of antibiotic-resistant 
bacteria under continuous illumination mode condition. The initial 
bacteria concentration was 6×104 CFU/ml. Error bars represent 
standard deviations of three to five experiments 
The study of light intensity effect is of great importance for the application of 
high power UVA/LED. To study the effect of light intensity on antibiotic-
resistant bacteria inactivation in this research, light intensity ranged from 6~8 
mW/cm2 were chosen. The results are shown in Figure 7.1. 
In Figure 7.1, as expected, the higher light intensity resulted in the faster 
inactivation rate. At high intensity, a high flow of photons was available. On 
one hand, the increased photons could directly attack bacteria and increase 
inactivation rate. On the other hand, at high light intensity, the photons that 
penetrate water also increased. They could induce the generation of ROS on 
the coated TiO2 surface that subsequently attack bacteria increasing 
dramatically the bacterial inactivation rate (Rincón and Pulgarin, 2003). As the 
coated TiO2 surface area is constant, once the photons in the reaction system is 
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saturated, excess photons would have to compete with the limited catalyst 
surface, and further increase of light intensity would not significantly increase 
inactivation rate. That’s why with the same increment of light intensity, 
inactivation rate increment was less from 7 mW/cm2 to 8 mW/cm2 than that 
from 6 mW/cm2 to 7 mW/cm2. 
Sommer et al. (1998) reported a higher inactivation rate with high light 
intensity for a short time compared to a low light intensity for a long time 
using the same UV dose. Similar results were also found in our study as 
shown in Table 7.1. UV doses and illumination times that required to achieve 
3-log inactivation of E.coli 700891 are compared. Based on the data shown in 
Table 7.1, at 8 mW/cm2 light intensity, the least UV dose and illumination 
time were required for 3-log removal, followed by 7 mW/cm2 and 6 mW/cm2. 
This is probably because under high light intensity, high flow of photons is 
powerful in preventing the bacteria self-defense and auto-repair mechanisms 
(Rincón and Pulgarin, 2003). This phenomenon further strengthens the 
advantage of using high light intensity given by high power UVA/LED lamps 
for water disinfection.  
Table 7.1- UV dose (mJ/cm2) required for 3-log inactivation of E.coli 
700891 
Light intensity (mW/cm2)  8 7 6 
Illumination time (min) required for 
3-log inactivation 
 86 104 145 
UV dose (mJ/cm2) required for 3-
log inactivation 
 688 728 870 
 
Photocatalytic disinfection is a consequence of cumulative attacks by ROS on 
the cell membrane-wall system and cumulative formation of peroxidation 
products. According to the photocatalytic mechanism proposed by Desai and 
Kowshik (2009), the destruction of bacteria goes through two distinct phases. 
In the first phase, the generated ROS change the external membrane 
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permeability and destroy it. Latter the cell wall damage takes place. But 
bacteria are not seriously affected in this phase and able to repair themselves. 
In the second phase, cell membrane-wall system has been seriously damaged 
and ROS begin to attack internal cellular components. In this phase, bacteria 
are eventually killed. At low doses in an inactivation curve, a delay of bacteria 
inactivation could be observed (Severin et al., 1984). In this study in Figure 
7.1, all the inactivation curves exhibited a lag phase during the early 
inactivation period that almost no inactivation were detected during the first 
20 min. This delay could be attributed to the reason that bacteria need a 
threshold dose of damage to begin to manifest adverse effects (Severin et al., 
1984). The length of the delay region in the inactivation curve depends on the 
amount of photon flow and quantity of catalyst applied. Higher photon flow 
and more catalyst applied could not only shorten the delay region, but also 
accelerate inactivation rate in the following log-inactivation region. In Figure 
7.1, with the same dose of TiO2, the length of delay region was shortest with 8 
mW/cm2 light intensity, followed by 7 mW/cm2 and 6 mW/cm2. Also all of 
the delay region lengths were within 60 min in the studied range. 
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7.3 Residual disinfecting effect of UVA/TiO2 process  
 
Figure 7.2- Residual disinfecting effect of photocatalytic disinfection 
process. Light intensity was 8 mW/cm2. Periodic mode: 50 ms “on”, 50 ms 
“off”. (□): 30 min periodic illumination followed by 240 min dark period. 
(▲): 60 min periodic illumination followed by 240 min dark period. (■): 
90 min periodic illumination followed by 240 min dark period. The initial 
bacteria concentration was 6×104 CFU/ml. Error bars represent 
standard deviations of three to five experiments 
Some studies reported that there is a further decrease of E.coli concentration 
after photocatalytic process which is called “residual disinfecting effect” 
(Rincón and Pulgarin, 2004; Shang et al., 2009b). This residual disinfecting 
effect was found both under dark condition after photocatalytic process and 
under fluorescence light irradiation where dark-repair/photoreactivation were 
supposed to happen (Rincón and Pulgarin, 2004). The mechanisms for residual 
disinfecting effect have not been proved but hypothesized to be related to the 
cumulative damage of bacteria membranes, cell walls, interacellular 
Coenzyme A, DNA, RNA and other interacellular components generated by 
ROS (Rincón and Pulgarin, 2007). To better understand what is happening 
during the dark time of periodic illumination, in this part of study, residual 
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disinfecting effect was investigated for illuminated bacteria with different 
periodic illumination time.  
In this section, bacteria samples with 30, 60, 90 min periodic illumination time 
were collected. Results are shown in Figure 7.2. All curves were under 50 ms 
“on” and 50 ms “off” condition. As shown in Figure 7.2, with only 30 min 
periodic illumination, there was no significant bacteria concentration change 
either during or after the 30 min periodic illumination. During the 30 min 
periodic illumination, cumulated damage by generated ROS was not severe 
enough to overcome bacteria self-defense that inactivation was not significant. 
After 30 min periodic illumination, samples were kept in dark and bacteria 
concentrations were measured every 60 min. Results show that bacteria 
concentration only decreased slightly in the first 60 min which indicate that 
residual disinfecting effect was not remarkable. However, bacteria collected 
after 60 and 90 min periodic illumination performed quite differently. As 
shown in Figure 7.2, residual disinfecting effect became more obvious with 
the increase of illumination time. The survived bacterial concentration only 
slightly decreased by less than 5% after 30 min periodic illumination in the 
following 240-min dark time, while the survived bacterial concentration 
decreased to undetectable level after 90 min periodic illumination. The better 
performance of residual disinfecting effect reveals that to realize complete 
inactivation by residual disinfecting effect after photocatalytic process, 
sufficient illumination time was required. The study of residual disinfecting 
effect could help estimate the minimum UV dose required to achieve both 
bacterial inactivation and followed repression of reactivation. This is 
important for energy saving in future practical applications of photocatalytic 
process. 
Another way to explain the residual disinfecting effect is because of the stable 
oxidants generated during photocatalytic process such as H2O2 (Rincón and 
Pulgarin, 2004). In spite that using a dialysis membrane (Bui et al., 2008; 
Guillard et al., 2008), H2O2 has been proved not the origin of inactivation 
during photocatalytic process. However, H2O2 could persist in water for a few 
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hours after the photocatalytic reactions (Shang et al., 2009b) and it might serve 
as “after-illumination residual disinfectant” to restrain the re-growth of 
bacteria after photocatalytic process. H2O2 that remains in the water after 
disinfection process may not inactivate bacteria but it could prevent bacterial 
reproduction if bacteria have been previously damaged (Pablos et al., 2013). 
The damaged cell wall might increase the permeability of H2O2 inside the cell. 
Furthermore, as suggested by Zamir Bin Alam et al. (2011), H2O2 might lead 
to the production of other reactive short-lived oxygen species and inhibit 
bacteria reproduction after illumination. 
7.4 Effect of periodic illumination on antibiotic-resistant bacteria 
inactivation  
Two factors defining periodic illumination were studied: circle time and duty 
circle. Circle time in this study is defined as one circle “on” and “off” time, it 
focuses on the study of pulse frequency and calculated as “on + off”; while 
duty circle highlights the importance of “on” time ratio in one circle, it is 
calculated as “on / (on + off)”. Both factors could affect photocatalytic process 
according to previous studies about periodic illumination for organic 
pollutants degradation (Chen et al., 2007b; Tokode et al., 2012). 




Figure 7.3- Effect of circle time on inactivation of antibiotic-resistant 
bacteria. UV dose was 33.6 J/cm2. Light intensity was 8 mW/cm2. The 
initial bacteria concentration was 6×104 CFU/ml. Error bars represent 
standard deviations of three to five experiments 
Similar results were found for disinfection using periodic illumination in this 
study as well. With 33.6 J/cm2 UV dose, the effect of circle time were shown 
in Figure 7.3. The highest log-removal was found at the shortest circle time. 
With the increase of circle time from 20 ms to 2000 ms, log-removal 
decreased more than half: from 1.26 to 0.54. During periodic illumination in 
the dark time, there were two reactions happening at the same time: 1, radical 
formation and interfacial charge transfer (Rincón and Pulgarin, 2007); 2, 
bacteria self-defense and recovery (Rincón and Pulgarin, 2003). Reaction 1 is 
fast (less than ms range) and in favor of disinfection while reaction 2 is 
relatively slow and it could slow down the whole disinfection process. Lower 
pulse frequency and longer dark time gives more recovery time for the 
bacteria to repair themselves which ultimately slows down bacteria 
inactivation under the same UV dose. While higher frequency and shorter dark 
time in the studied range makes the role of reaction 1 more important. Short 
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dark time gives ample time for the interfacial charge transfer of electrons to 
adsorbed oxygen and adsorption of oxygen/substrate to the TiO2 surface 
(Tokode et al., 2012), in the mean time, gives less time for the bacteria to 
recover. Based on the results of Figure 7.3, it could be concluded that shorter 
circle time was in favor of disinfection. 
 
Figure 7.4- Log-removal of antibiotic-resistant bacteria with the same UV 
dose (33.6 J/cm2) and different duty circles (0.25, 1, 4). Light intensity was 
8 mW/cm2. The initial bacteria concentration was 6×104 CFU/ml. Error 
bars represent standard deviations of three to five experiments 
 




Figure 7.5- Effect of duty circle on inactivation of antibiotic-resistant 
bacteria. Light intensity was 8 mW/cm2. The initial bacteria 
concentration was 6×104 CFU/ml. Error bars represent standard 
deviations of three to five experiments 
To investigate the importance of “on” time ratio in one circle (under 100 ms’ 
circle time), the effect of duty circle was also studied in Figure 7.4. Log-
removal decreased substantially with the increase of duty circle from 0.25 to 4 
using the same UV dose. Figure 7.5 shows the log-removal change with UV 
dose. In Figure 7.5, at low UV dosages (0~20 mJ/cm2), log removals in the 
initial stage were found quite similar under continuous and periodic 
illuminations. Comparing 0.25 duty circle curve and continuous illumination 
curve alone, at low UV dose (below 30 mJ/cm2), log-removal under 0.25 duty 
circle and that under continuous illumination were quite similar; however, 
with further increase of UV dose, more log-removal was found under 0.25 
duty circle. This phenomenon could be explained by the experiment in section 
7.2. With a low UV dose, bacteria are still in the delay region which can 
recover themselves if given enough dark time. While with a high cumulated 
UV dose, bacteria have some serious damage which made them less able to 
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recover, and the residual disinfecting effect would kill them during the longer 
dark period. That’s why after a certain accumulation of UV dose, the log-
removal increase rate was faster for 0.25 duty circle than that under 
continuous illumination. Log-removals under 1 and 4 duty circle in this study, 
however, were kept less than that under continuous illumination in the studied 
range. This is probably because dark time was not enough for the residual 
disinfecting effect to take place. Also, within the studied UV dose range, 
bacteria under 1 and 4 duty circles required more UV illumination to reach the 
threshold damage and enter into the log-inactivation region, where residual 
disinfecting effect would be more significant. 
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7.5 Photoreactivation and dark repair  
 
Figure 7.6- (A) Photoreactivation in the following 4 hours after 
continuous/periodic UVA/LED/TiO2 illumination， UVA mercury lamp 
illumination and UVC illumination. (B) Dark repair in the following 4 
hours after continuous/periodic UVA/LED/TiO2 illumination, UVA 
mercury lamp illumination and UVC illumination. UVC dosage=8 
mJ/cm2. UVA dosage=28.8 J/cm2. For periodic illumination, the operation 
mode was 50 ms on and 50 ms off. Error bars represent standard 
deviations of three to five experiments 
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To further investigate the advantage of UVA/LED/TiO2 process in antibiotic-
resistant bacteria disinfection, bacteria concentration changes after 
continuous/periodic UVA/LED/TiO2 photocatalytic process were observed, 
UVA mercury lamp illuminated photocatalytic process and UVC photolysis 
process were compared.  
In Figure 7.6, bacteria samples at the same inactivation level after different 
illumination sources were collected. As shown in Figure 7.6 (A) and (B), after 
UVC illumination, photoreactivation and dark repair both took place in the 
following 4 hours, with dark repair occurring to a much lesser extent than 
photoreactivation. This result is in accordance with previous study (Quek and 
Hu, 2008). However, for bacteria after UVA/LED/TiO2 illumination, neither 
photoreactivation nor dark repair was found. On the contrary, bacteria 
concentration decreased to undetectable level within the following 4 hours. 
Similar result was also reported by Rincon and Pulgarin (2004). In their study, 
the cultivable bacteria concentration continued to decrease to 1 CFU/ml after 
60 hours of stirring in the dark, suggesting that the injuries on bacteria were 
irreversible after photocatalytic treatment. This decreasing trend was attributed 
to the residual disinfection effect. Comparing the bacteria concentration 
change after continuous and periodic UVA/LED/TiO2 illumination, the 
decreasing rate of continuous illumination was slightly faster. This could be 
explained by the hypothesis that with the same UV dose by continuous and 
periodic illumination, bacteria could respond faster after periodic illumination 
condition because some of the bacteria have already obtained fast response 
ability in the previous “light and dark” circles. However, ultimately all the 
bacteria were killed in 4 hours after illumination due to the residual 
disinfection effect.  
In Figure 7.6, the bacteria concentration changes after continuous 
UVA/LED/TiO2 process and UVA mercury lamp illuminated photocatalytic 
process were quite similar. This is probably because the UV wavelength (365 
nm) and UV dosage (28.8 J/cm2) applied were the same during the 
photocatalytic processes. However, to give 28.8 J/cm2 UV dosage, for 8 W 
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UVA mercury lamp, 2.88 × 104 J  electric energy was consumed while for 
UVA/LED lamp with eighteen 3 mW bulbs, only 194.4 J electric energy was 
consumed. So considering the electric consumptions by those two lamps, 
UVA/LED is much superior compared to the UVA mercury lamp.  
Based on the results, UVA/LED/TiO2 process turned out to be competitive 
compared to both UVC disinfection and UVA mercury illuminated 
photocatalytic process if the residual disinfecting effect and energy 
consumption were taken into consideration. 
7.6 Summary 
A UVA/LED/TiO2 photocatalytic disinfection process was investigated in this 
study. For 3-log removal of antibiotic-resistant bacteria, the UV dose required 
increased from 688 mJ/cm2 to 870 mJ/cm2 with light intensity decreasing from 
8 mW/cm2 to 6 mW/cm2 in this study. A more significant residual disinfecting 
effect was found for bacteria with longer illumination time rather than that 
with shorter illumination time. Periodic illumination could also affect 
inactivation of antibiotic-resistant bacteria. Shorter circle time and higher 
pulse frequency resulted in higher log-removal at the same UV dosage. And 
small duty circle was found to be in favor of inactivation at the same UV 
dosage. An interesting phenomenon was that with the same UV dosage, log-
removal of antibiotic-resistant bacteria under 0.25-duty circle periodic 
illumination exceeded that under continuous illumination. This is probably 
because 0.25-duty circle could give more dark time for residual disinfecting 
effect to happen. Compared to UVC disinfection and UVA mercury 
illuminated photocatalytic disinfection, UVA/LED/TiO2 process was another 
attractive alternative considering the residual disinfection effect and energy 
consumption.
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CHAPTER 8 CONCLUSIONS AND 
RECOMMENDATIONS 
8.1 Conclusions 
Photocatalytic process is attracting numerous interests for water and 
wastewater treatment due to its high efficiency, non-selectivity and complete 
mineralization under mild operation conditions (room temperature and 
pressure et al.). The mostly applied traditional light source is either low 
pressure or medium pressure mercury lamp with various light outputs. 
However, those traditional UV lamps have lots of drawbacks such as high 
energy consumption and mercury waste generation which hinder the 
successful large-scale application of photocatalytic process. The emergence of 
high power UVA/LED lamps seems a possible way to break these limitations 
and improve the photocatalytic process for future industrial scale applications. 
In this thesis, an in-depth investigation of UVA/LED application for 
wastewater treatment was conducted. 
To test the performance of the UVA/LED/TiO2 batch system, the degradation 
efficiency for eight selected pharmaceuticals belonging to various 
pharmaceutical groups were studied. Results indicate that the UVA/LED/TiO2 
system was quite efficient in pharmaceuticals degradation, all of the selected 
pharmaceuticals could be degraded into non-detectable levels within 20 min 
under the studied conditions. The further in-depth degradation study was 
based on one specific pharmaceutical-Ace, and the study could be divided into 
three main parts:  
Part one is a preliminary study of the UVA/LED/TiO2 system performance 
and optimum operation conditions. For this purpose, Ace was selected as the 
target compound, and its degradation characteristics were investigated. Results 
show that the degradation rate of Ace increased with the increasing dosage of 
TiO2 at low concentrations, however, further increase of TiO2 dosage at high 
concentrations would not result in significant increase of degradation rate 
probably because of the high turbidity caused by high concentration of TiO2. 
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Initial Ace concentration was another factor that could affect the 
photocatalytic process. Lower initial Ace concentration had higher 
degradation efficiency if other reaction conditions remained the same. In 
addition, light intensities from 1~4 mW/cm2 were studied and a 0.5732-power 
relation between light intensity and reaction rate constant was found. Based on 
the experimental data, a kinetic equation was achieved according to Langmuir-
Hinshelwood law: 𝑟𝑟𝑠𝑠 = −2.4168 × 𝐼𝐼0.5732 × [𝐴𝐴𝐴𝐴𝐴𝐴]/(1 + 0.1523 × [𝐴𝐴𝐴𝐴𝐴𝐴]0)  . 
This kinetic equation was important as it could provide a reference for future 
large-scale system design and optimization of operational conditions for 
photocatalytic technology. 
Part two is a further study of the affecting factors (duty circle, circle time and 
H2O2 addition) that could improve the photocatalytic degradation process. 
Background experiment results indicate that with UV illumination alone or 
UV with H2O2 addition, the degradation of Ace was not obvious in the studied 
reaction time. While with the introduction of TiO2, all of the Ace could be 
degraded within 8 min. The effects of other coexistences were also studied 
including the effects of humic acid and bicarbonate ion. The results reveal 
their negative effects on the photocatalytic degradation of Ace. Periodic 
illumination was found able to improve photocatalytic process. Results in this 
part of study indicate that high frequent periodic illumination (small duty 
circle and short circle time) could significantly improve the photocatalytic 
degradation efficiency, which were reflected by the dramatically increased 
photonic efficiency.  Photonic efficiency was found highest both under the 
smallest duty circle (0.2) and under the shortest circle time (20 ms) within the 
studied range in this thesis. The addition of H2O2 could improve the 
photocatalytic process by the generation of extra hydroxyl radicals.  The 
enhancement effects of H2O2 addition under different duty circle and circle 
time were studied. When duty circle was 0.2, the addition of H2O2 could 
increase the apparent pseudo-first reaction rate constant by 5.8 times while 
photonic efficiency by 2.6 times for Ace degradation. In addition, the 
introduction of H2O2 to the photocatalytic reaction solution could accelerate 
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the pharmaceutical mineralization because of the increased hydroxyl radical 
concentration. 
Part three is a preliminary study of photocatalytic degradation mechanism and 
pathway. For photocatalysis mechanism study, KI was added into the 
photocatalytic reaction solution as valence band hole scavenger and methanol 
was added as hydroxyl radical scavenger. Results indicate that both valence 
band hole and the generated hydroxyl radical played significant role in the 
photocatalytic degradation process of Ace.  As for photocatalytic intermediate 
determination and degradation pathway investigation, GC/MS was applied. 
The selected pharmaceutical mass spectra was compared to the NIST library 
in the GC/MS database and also compared to previous reports. Four 
pharmaceuticals were studied. For Ace, three intermediates were identified-
acetamide, hydroquione and malonic acid with the degradation pathway 
starting from the attack at the aromatic ring. Only one intermediate- (4-
aminophenyl)-sulfonyl urea was detected for sulfamethoxazole degradation 
while one intermediate- acridine was indentified during the photocatalytic 
degradation of carbamazepine. For caffeine, one intermediate named 
dimethylparabanic acid was identified. All the detailed degradation pathways 
were proposed in this part of study. Based on this mechanism and intermediate 
study, an in-depth understanding for photocatalytic process could be obtained. 
The UVA/LED/TiO2 system was also studied for its disinfection performance. 
E. coli ATCC 700891 was selected as the target bacteria. E. coli ATCC 
700891 is resistant to two antibiotics- ampicillin and streptomycin. To exclude 
the post effect of catalyst on bacteria after illumination, TiO2 powders were 
coated on the glass surface of water sample container by 32-times 
impregnation-drying process. The disinfection study was conducted under 
various light intensities and illumination modes. Results indicate that the 
antibiotic-resistant bacteria could be disinfected much faster under higher 
light-intensity conditions. Log-removal increased steadily when the applied 
light intensity increased from 6 mW/cm2 to 8 mW/cm2 in this study. Under all 
the selected light intensities, delays of bacteria inactivation could be observed 
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in the inactivation curves. The length of delay region in the inactivation curve 
depended on the light intensity applied in this study, where higher light 
intensity led to less delay. In this point of view, higher light intensity should 
be in favor of increasing the disinfection rate for the photocatalytic 
disinfection process. 
A residual disinfecting effect was found in the photocatalytic disinfection 
study which could further be used to explain the decrease of bacteria 
concentration after UV illumination where photoreactivation/dark repair were 
supposed to happen. Periodic illumination could also affect the photocatalytic 
disinfection process according to the results in this study. Under the same UV 
dose, log-removal of antibiotic-resistant bacteria decreased from 1.26 to 0.54 
when the circle time increased from 20 ms to 2000 ms. A substantial decrease 
of log-removal was also found when the duty circle increased from 0.25 to 4. 
The results in this part of study indicate that high frequent periodic 
illumination was found with better performance in disinfection. 
Overall, in this thesis a comprehensive study was conducted for the 
application of UVA/LED for photocatalytic wastewater treatment which is at 
its infant stage. It offers the first definition of periodic illumination by both 
duty circle and circle time. It is also the first application of UVA/LED for 
antibiotic-resistant bacteria disinfection. It gives a better understanding for the 
photocatalytic process for both degradation and disinfection. Information 
given by the results and analysis could provide a reference for the future large-
scale industrial application of the newly emerged UVA/LED lamp. 
8.2 Limitations and recommendations  
In this thesis, the focus was placed on the application of high power 
UVA/LED for photocatalytic process using selected pharmaceuticals and 
antibiotic-resistant bacteria as the treatment targets. The affecting factors and 
reaction mechanism was discussed in this thesis. Unfortunately, limitations 
exist and are not completely addressed. Meanwhile, due to the rapid 
development of UV/LED industry, higher power, more efficient and shorter 
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wavelength UV/LED lamps and their related products are on continuous 
research and production. Therefore, a list of recommendations for future 
research and application of UV/LED for photocatalytic wastewater treatment 
have been given out: 
• Efficient reactor system designs and operational strategies of 
photocatalytic process for large scale industrial application are still 
lacking. The scale-up of the photocatalytic system is limited by the 
loss of light emerging during the transport of light to the reaction point. 
High turbidity of real wastewater, light scattered by catalyst and 
suspended solid in wastewater, and the volumetric light absorption are 
all the reasons contributing to the deduction and consumption of light 
energy which further increase the whole process cost. Future works 
are suggested to consider both achieving uniform irradiation and 
minimal losses of light energy when designing photocatalytic reactors. 
• Other than the factors that could affect photocatalytic process which 
have been discussed in this thesis, other operational conditions should 
be investigated for their influence on photocatalytic degradation and 
disinfection considering the complicated composition of real 
wastewater. These may include turbidity, water pH, co-existence of 
different pharmaceuticals, co-existence of pharmaceuticals and 
microorganisms and so on. 
• KI and methanol were used in this study as the scavengers to study 
their effects on photocatalytic process, however, various scavengers 
could exist in real wastewater effluents, and the process efficiency 
could be much lower as compared to that using synthetic water 
samples. Future works are expected to test the photocatalytic process 
for different real wastewater containing mixture of components such 
as various scavengers. 
• In this study, the UVA/LED lamps were hanged up above the water 
sample, light was deducted during the transport. To minimize the light 
wasted during the transportation, UVA/LED is suggested to be placed 
inside the water samples. However, this kind of system may require 
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the introduction of a high-UV-transparent glass wall to separate the 
lamps from water which may increase the cost for the whole system. 
• In the studied time period in this thesis, pharmaceuticals are first 
degraded to various intermediates. To realize completely 
mineralization, a few hours or even few days are required. The 
suggestion is that, the UVA/LED/TiO2 could be applied as a 
pretreatment process for conventional wastewater treatment process 
such as biological processes. This is because sometimes the parent 
pharmaceuticals are toxic and inhibit the growth of microorganism, 
while the intermediates could be less toxic and less resistant to the 
following biological treatment processes. 
 
 List of Publications 
156 
 
LIST OF PUBLICATIONS 
The contents of this thesis have been published as articles in the following 
journals: 
1. P. Xiong and J.Y. Hu (2013). Inactivation/reactivation of 
antibiotic-resistant bacteria by a novel UVA/LED/TiO2 system, 
Water Research, 47(13), 4547-4555. 
2. P. Xiong and J.Y. Hu (2012). Degradation of acetaminophen by 
UVA/LED/TiO2 process, Seperation and Purification Technology, 
91(3), 89-95. 
3. P. Xiong, J.Y. Hu and S. Valiyaveettil. Photonic efficiency and 
degradation rate of Acetaminophen (Ace) using TiO2/UVA/LED 
system: effect of duty circle, circle time and H2O2 addition. 
(Submitted). 
The contents of this thesis have been presented in the following conferences 
and workshops: 
1. P. Xiong and J.Y. Hu (2011) The feasibility study of UVA/LED for 
degradation of acetaminophen, 20th KAIST-KU-NTU-NUS 
Symposium, 29-30 June 2011, Taiwan, China 
2. P. Xiong, J.Y. Hu, M.V. Reddy, B.V.R. Chowdan and S. 
Valiyaveettil (2012) Photocatalytic degradation of estradiol using 
UVA/LED and several bare/doped TiO2 as catalyst, International 
Conference of Young Researchers on Advanced Materials, 1-6 July 
2012, Singapore 
3. Q.Q. Cai, P. Xiong and J.Y. Hu (2012) Pharmaceutical compounds 
degradationby UV/TiO2 photocatalysis process, American Water 
Works Association’s (AWWA) Water Quality Technology 
Conference, 4-8 November 2012, Toronto, Canada. 
4. P. Xiong and J.Y. Hu (2013). The application of UVA/LED for 
photocatalytic degradation of acetaminophen in wastewater, IWA-
UTM International Publication Workshop, 12~18 Jan 2013, 
Universiti Teknologi Malaysia, Malaysia. 
 Awards and Financial Supports 
157 
 
AWARDS AND FINANCIAL SUPPORTS 
The awards and financial supports based on the work conducted in this thesis 
are presented as following:  
1. A four-year research scholarship was awarded by National University 
of Singapore Nanoscience and Nanotechnology Initiative (NUSNNI). 
2. Financially supported by International Water Association (IWA) to 
present in the 3rd IWA Asia Pacific Young Water Professionals 
Conference”. 21-24 Nov, 2010, Singapore. 
3. Been elected as a student member in Environmental Engineering 
Society of Singapore (EESS). 27th, Jan, 2011. 
4. Silver award for the (SPORE) Scientific Challenge 2011 with a 
financial support of S$ 1500 for a study travel in Oxford University, 
UK. 30th, Jun, 2011. 
5. Financially supported by International Water Association (IWA) to 
present in the 2nd IWA-UTM International Publication Workshop, 12-






Abellán, M.N., Bayarri, B., Giménez, J., Costa, J., 2007. Photocatalytic 
degradation of sulfamethoxazole in aqueous suspension of TiO2. Applied 
Catalysis B: Environmental 74, 233-241. 
Aceituno, M., Stalikas, C.D., Lunar, L., Rubio, S., Pérez-Bendito, D., 2002. 
H2O2/TiO2 photocatalytic oxidation of metol. Identification of intermediates 
and reaction pathways. Water Research 36, 3582-3592. 
Adhikari, A., Reponen, T., Grinshpun, S.A., Gorny, R.L., Kovach, P.M., Muth, 
W.L., Wolff, R.K., 2003. Evaluation of the survival of bacterial contaminants 
in an inhalable insulin powder. Journal of Aerosol Medicine-Deposition 
Clearance and Effects in the Lung 16, 55-64. 
Akpan, U.G., Hameed, B.H., 2009. Parameters affecting the photocatalytic 
degradation of dyes using TiO2-based photocatalysts: A review. Journal of 
Hazardous Materials 170, 520-529. 
Al-Rasheed, R., Cardin, D.J., 2003. Photocatalytic degradation of humic acid 
in saline waters. Part 1. Artificial seawater: influence of TiO2, temperature, pH, 
and air-flow. Chemosphere 51, 925-933. 
Al-Rifai, J.H., Gabelish, C.L., Schäfer, A.I., 2007. Occurrence of 
pharmaceutically active and non-steroidal estrogenic compounds in three 
different wastewater recycling schemes in Australia. Chemosphere 69, 803-
815. 
Al-Rifai, J.H., Khabbaz, H., Schäfer, A.I., 2011. Removal of pharmaceuticals 
and endocrine disrupting compounds in a water recycling process using 




Al-Sayyed, G., D'Oliveira, J. C., Pichat, P., 1991. Semiconductor-sensitized 
photodegradation of 4-chlorophenol in water. Journal of Photochemistry and 
Photobiology A: Chemistry 58, 99-114. 
Alcaide, E., Blasco, M.D., Esteve, C., 2005. Occurrence of drug-resistant 
bacteria in two European eel farms. Applied and Environmental Microbiology 
71, 3348-3350. 
Alexiadis, A., Mazzarino, I., 2005. Design guidelines for fixed-bed 
photocatalytic reactors. Chemical Engineering and Processing: Process 
Intensification 44, 453-459. 
APHA, 1998. Standard methods for the examination of water and wastewater , 
American Public Health Association, 20th ed, American Water Works 
Association, USA. 
Arcand-Hoy, L.D., Nimrod, A.C., Benson, W.H., 1998. Endocrine-modulating 
substances in the environment: Estrogenic effects of pharmaceutical products. 
International Journal of Toxicology 17, 139-158. 
Armstrong, J.L., Calomiris, J.J., Seidler, R.J., 1982. Selection of antibiotic-
resistant standard plate count bacteria during water treatment. Applied and 
Environmental Microbiology 44, 308-316. 
Augugliaro, V., Litter, M., Palmisano, L., Soria, J., 2006. The combination of 
heterogeneous photocatalysis with chemical and physical operations: A tool 
for improving the photoprocess performance. Journal of Photochemistry and 
Photobiology C: Photochemistry Reviews 7, 127-144. 
Augugliaro, V., López-Munoz, M.J., Palmisano, L., Soria, J., 1993. Influence 
of pH on the degradation kinetics of nitrophenol isomers in a heterogeneous 




Bacsa, R.R., Kiwi, J., 1998. Effect of rutile phase on the photocatalytic 
properties of nanocrystalline titania during the degradation of p-coumaric acid. 
Applied Catalysis B: Environmental 16, 19-29. 
Bae, Y.S., Jung, S.C., 2010. A study of the photocatalytic destruction of 
propylene using microwave discharge electrodeless lamp. Journal of Industrial 
and Engineering Chemistry 16, 947-951. 
Bahnemann, D.W., 1991. Mechanisms of Organic Transformations on 
Semiconductor Particles. In: Pelizzetti, E., Schiavello, M. (Eds.). 
Photochemical Conversion and Storage of Solar Energy. Springer Netherlands, 
pp. 251-276. 
Baker, V.A., 2001. Endocrine disrupters — testing strategies to assess human 
hazard. Toxicology in Vitro 15, 413-419. 
Banks, A.T., Zimmerman, H.J., Ishak, K.G., Harter, J.G., 1995. Diclofenac-
associated hepatotoxicity: Analysis of 180 cases reported to the food and drug 
administration as adverse reactions. Hepatology 22, 820-827. 
Bannier, E., Darut, G., Sánchez, E., Denoirjean, A., Bordes, M.C., Salvador, 
M.D., Rayón, E., Ageorges, H., 2011. Microstructure and photocatalytic 
activity of suspension plasma sprayed TiO2 coatings on steel and glass 
substrates. Surface and Coatings Technology 206, 378-386. 
Barka, N., Abdennouri, M., Boussaoud, A., Galadi, A., Baâlala, M., Bensitel, 
M., Sahibed-Dine, A., Nohair, K., Sadiq, M., Full factorial experimental 
design applied to oxalic acid photocatalytic degradation in TiO2 aqueous 
suspension. Arabian Journal of Chemistry. 
Bean, D.C., Livermore, D.M., Papa, I., Hall, L.M.C., 2005. Resistance among 
Escherichia coli to sulphonamides and other antimicrobials now little used in 




Behar, D., Czapski, G., Duchovny, I., 1970. Carbonate radical in flash 
photolysis and pulse radiolysis of aqueous carbonate solutions. The Journal of 
Physical Chemistry 74, 2206-2210. 
Behera, S.K., Kim, H.W., Oh, J.-E., Park, H.-S., 2011. Occurrence and 
removal of antibiotics, hormones and several other pharmaceuticals in 
wastewater treatment plants of the largest industrial city of Korea. Science of 
The Total Environment 409, 4351-4360. 
Behnajady, M.A., Modirshahla, N., Hamzavi, R., 2006. Kinetic study on 
photocatalytic degradation of C.I. Acid Yellow 23 by ZnO photocatalyst. 
Journal of Hazardous Materials 133, 226-232. 
Berney, M., Weilenmann, H.U., Egli, T., 2006. Flow-cytometric study of vital 
cellular functions in Escherichia coli during solar disinfection (SODIS). 
Microbiology-Sgm 152, 1719-1729. 
Bhatkhande, D.S., Pangarkar, V.G., Beenackers, A.A.C.M., 2002. 
Photocatalytic degradation for environmental applications - A review. Journal 
of Chemical Technology and Biotechnology 77, 102-116. 
Bilenko, Y., Shturm, I., Bilenko, O., Shatalov, M., Gaska, R., 2010. New UV 
technology for point-of-use water disinfection. pp. 601-604. 
Black, B.D., Harrington, G.W., Singer, P.C., 1996. Reducing cancer risks by 
improving organic carbon removal. Journal / American Water Works 
Association 88, 40-52. 
Blake, D.M., Maness, P. C., Huang, Z., Wolfrum, E.J., Huang, J., Jacoby, 
W.A., 1999. Application of the Photocatalytic Chemistry of Titanium Dioxide 
to Disinfection and the Killing of Cancer Cells. Separation and Purification 




Blasco, M.D., Esteve, C., Alcaide, E., 2008. Multiresistant waterborne 
pathogens isolated from water reservoirs and cooling systems. Journal of 
Applied Microbiology 105, 469-475. 
Bouraoui, S., Brahem, A., Tabka, F., Mrizek, N., Saad, A., Elghezal, H., 2011. 
Assessment of chromosomal aberrations, micronuclei and proliferation rate 
index in peripheral lymphocytes from Tunisian nurses handling cytotoxic 
drugs. Environmental Toxicology and Pharmacology 31, 250-257. 
Bowker, C., Sain, A., Shatalov, M., Ducoste, J., 2011. Microbial UV fluence-
response assessment using a novel UV-LED collimated beam system. Water 
Research 45, 2011-2019. 
BrougHolub, E., Toews, G.B., VanIwaarden, J.F., Strieter, R.M., Kunkel, L., 
Paine, R., Standiford, T.J., 1997. Alveolar macrophages are required for 
protective pulmonary defenses in murine Klebsiella pneumonia: Elimination 
of alveolar macrophages increases neutrophil recruitment but decreases 
bacterial clearance and survival. Infection and Immunity 65, 1139-1146. 
Brown, K.D., Kulis, J., Thomson, B., Chapman, T.H., Mawhinney, D.B., 2006. 
Occurrence of antibiotics in hospital, residential, and dairy effluent, municipal 
wastewater, and the Rio Grande in New Mexico. Science of the Total 
Environment 366, 772-783. 
Buechler, K.J., Nam, C.H., Zawistowski, T.M., Noble, R.D., Koval, C.A., 
1999a. Design and evaluation of a novel-controlled periodic illumination 
reactor to study photocatalysis. Industrial and Engineering Chemistry 
Research 38, 1258-1263. 
Buechler, K.J., Nam, C.H., Zawistowski, T.M., Noble, R.D., Koval, C.A., 
1999b. Design and evaluation of a novel-controlled periodic illumination 




Buechler, K.J., Noble, R.D., Koval, C.A., Jacoby, W.A., 1999c. Investigation 
of the Effects of Controlled Periodic Illumination on the Oxidation of Gaseous 
Trichloroethylene Using a Thin Film of TiO2. Industrial & Engineering 
Chemistry Research 38, 892-896. 
Buechler, K.J., Noble, R.D., Koval, C.A., Jacoby, W.A., 1999d. Investigation 
of the effects of controlled periodic illumination on the oxidation of gaseous 
trichloroethylene using a thin film of TiO2. Industrial and Engineering 
Chemistry Research 38, 892-896. 
Bui, T.H., Felix, C., Pigeot-Remy, S., Herrmann, J.M., Lejeune, P., Guillard, 
C., 2008. Photocatalytic inactivation of wild and hyper-adherent E. coli strains 
in presence of suspended or supported TiO2. influence of the isoelectric point 
of the particle size and of the adsorptive properties of titania. Journal of 
Advanced Oxidation Technologies 11, 510-518. 
Butterfield, I.M., Christensen, P.A., Curtis, T.P., Gunlazuardi, J., 1997. Water 
disinfection using an immobilised titanium dioxide film in a photochemical 
reactor with electric field enhancement. Water Research 31, 675-677. 
Buxton, G.V., Greenstock, C.L., Helman, W.P., Ross, A.B., 1988. Critical 
Review of rate constants for reactions of hydrated electrons, hydrogen atoms 
and hydroxyl radicals in Aqueous Solution. Journal of Physical and Chemical 
Reference Data 17, 513-886. 
Byun, D., Jin, Y., Kim, B., Kee Lee, J., Park, D., 2000. Photocatalytic TiO2 
deposition by chemical vapor deposition. Journal of Hazardous Materials 73, 
199-206. 
Cao, Y., Yu, Y., Zhang, P., Zhang, L., He, T., Cao, Y., 2013. An enhanced 
visible-light photocatalytic activity of TiO2 by nitrogen and nickel-chlorine 




Caplin, J.L., Hanlon, G.W., Taylor, H.D., 2008. Presence of vancomycin and 
ampicillin-resistant Enterococcus faecium of epidemic clonal complex-17 in 
wastewaters from the south coast of England. Environmental Microbiology 10, 
885-892. 
Carlsen, E., Giwercman, A., Keiding, N., Skakkebaek, N.E., 1992. Evidence 
for decreasing quality of semen during past 50 years. British Medical Journal 
305, 609-613. 
Carp, O., Huisman, C.L., Reller, A., 2004. Photoinduced reactivity of titanium 
dioxide. Progress in Solid State Chemistry 32, 33-177. 
Castiglioni, S., Bagnati, R., Fanelli, R., Pomati, F., Calamari, D., Zuccato, E., 
2006. Removal of pharmaceuticals in sewage treatment plants in Italy. 
Environmental Science and Technology 40, 357-363. 
Catherine, J., Cornu, G., Colussi, A.J., Hoffmann, M.R., 2001. Quantum 
yields of the photocatalytic oxidation of formate in aqueous TiO2 suspensions 
under continuous and periodic illumination. Journal of Physical Chemistry B 
105, 1351-1354. 
Chakrabarti, S., Dutta, B.K., 2004. Photocatalytic degradation of model textile 
dyes in wastewater using ZnO as semiconductor catalyst. Journal of 
Hazardous Materials 112, 269-278. 
Chan, C.K., Porter, J.F., Li, Y.G., Guo, W., Chan, C.M., 1999. Effects of 
calcination on the microstructures and photocatalytic properties of nanosized 
titanium dioxide powders prepared by vapor hydrolysis. Journal of the 
American Ceramic Society 82, 566-572. 
Chan, Y.Y., Killick, E.G., 1995. The effect of salinity, light and temperature in 
a disposal environment on the recovery of E.coli following exposure to 




Chee-Sanford, J.C., Aminov, R.I., Krapac, I.J., Garrigues-Jeanjean, N., 
Mackie, R.I., 2001. Occurrence and Diversity of Tetracycline Resistance 
Genes in Lagoons and Groundwater Underlying Two Swine Production 
Facilities. Applied and Environmental Microbiology 67, 1494-1502. 
Chen, D., Ray, A.K., 1998. Photodegradation kinetics of 4-nitrophenol in TiO2 
suspension. Water Research 32, 3223-3234. 
Chen, D.H., Ye, X., Li, K., 2005a. Oxidation of PCE with a UV LED 
photocatalytic reactor. Chemical Engineering and Technology 28, 95-97. 
Chen, H., Li, D., Xue, D., Yang, G., 2012. Preparation of Bi-doped TiO2 
photoeatalyst and their visible-light photocatalytic activity to degradation of 
resorcinol. Kuei Suan Jen Hsueh Pao/Journal of the Chinese Ceramic Society 
40, 1483-1488. 
Chen, H.W., Ku, Y., Irawan, A., 2007b. Photodecomposition of o-cresol by 
UV-LED/TiO2 process with controlled periodic illumination. Chemosphere 69, 
184-190. 
Chen, J., Gu, B., LeBoeuf, E.J., Pan, H., Dai, S., 2002. Spectroscopic 
characterization of the structural and functional properties of natural organic 
matter fractions. Chemosphere 48, 59-68. 
Chen, S.Z., Zhang, P.Y., Zhu, W.P., Chen, L., Xu, S.M., 2006. Deactivation of 
TiO2 photocatalytic films loaded on aluminium: XPS and AFM analyses. 
Applied Surface Science 252, 7532-7538. 
Chen, Y., Lu, A., Li, Y., Yip, H.Y., An, T., Li, G., Jin, P., Wong, P. K., 2011. 
Photocatalytic inactivation of Escherichia coli by natural sphalerite suspension: 





Chen, Y., Sun, Z., Yang, Y., Ke, Q., 2001. Heterogeneous photocatalytic 
oxidation of polyvinyl alcohol in water. Journal of Photochemistry and 
Photobiology A: Chemistry 142, 85-89. 
Chen, Y., Yang, S., Wang, K., Lou, L., 2005b. Role of primary active species 
and TiO2 surface characteristic in UV-illuminated photodegradation of Acid 
Orange 7. Journal of Photochemistry and Photobiology A: Chemistry 172, 47-
54. 
Chevremont, A.C., Farnet, A.M., Coulomb, B., Boudenne, J.L., 2012. Effect 
of coupled UV-A and UV-C LEDs on both microbiological and chemical 
pollution of urban wastewaters. Science of The Total Environment 426, 304-
310. 
Chevremont, A.C., Farnet, A.M., Sergent, M., Coulomb, B., Boudenne, J.L., 
2011. Multivariate optimization of fecal bioindicator inactivation by coupling 
UV-A and UV-C LEDs. Desalination 285, 219-225. 
Cho, S., Choi, W., 2001. Solid-phase photocatalytic degradation of PVC–TiO2 
polymer composites. Journal of Photochemistry and Photobiology A: 
Chemistry 143, 221-228. 
Choina, J., Kosslick, H., Fischer, C., Flechsig, G.U., Frunza, L., Schulz, A., 
2013. Photocatalytic decomposition of pharmaceutical ibuprofen pollutions in 
water over titania catalyst. Applied Catalysis B: Environmental 129, 589-598. 
Chong, M.N., Jin, B., Chow, C.W.K., Saint, C., 2010. Recent developments in 
photocatalytic water treatment technology: A review. Water Research 44, 
2997-3027. 
Chong, M.N., Jin, B., Saint, C.P., 2011. Bacterial inactivation kinetics of a 
photo-disinfection system using novel titania-impregnated kaolinite 




Chu, W., Choy, W.K., So, T.Y., 2007. The effect of solution pH and peroxide 
in the TiO2-induced photocatalysis of chlorinated aniline. Journal of 
Hazardous Materials 141, 86-91. 
Close, J., Ip, J., Lam, K.H., 2006. Water recycling with PV-powered UV-LED 
disinfection. Renewable Energy 31, 1657-1664. 
Cornish, B.J.P.A., Lawton, L.A., Robertson, P.K.J., 2000. Hydrogen peroxide 
enhanced photocatalytic oxidation of microcystin-LR using titanium dioxide. 
Applied Catalysis B: Environmental 25, 59-67. 
Cornu, C.J.G., Colussi, A.J., Hoffmann, M.R., 2003. Time Scales and pH 
Dependences of the Redox Processes Determining the Photocatalytic 
Efficiency of TiO2 Nanoparticles from Periodic Illumination Experiments in 
the Stochastic Regime. The Journal of Physical Chemistry B 107, 3156-3160. 
D'Oliveira, J.C., Al-Sayyed, G., Pichat, P., 1990. Photodegradation of 2- and 
3-chlorophenol in TiO2 aqueous suspensions. Environmental Science and 
Technology 24, 990-996. 
Dalmázio, I., Santos, L.S., Lopes, R.P., Eberlin, M.N., Augusti, R., 2005. 
Advanced oxidation of caffeine in water: On-line and real-time monitoring by 
electrospray ionization mass spectrometry. Environmental Science and 
Technology 39, 5982-5988. 
Dalrymple, O.K., Stefanakos, E., Trotz, M.A., Goswami, D.Y., 2010. A 
review of the mechanisms and modeling of photocatalytic disinfection. 
Applied Catalysis B: Environmental 98, 27-38. 
Daneshvar, N., Rabbani, M., Modirshahla, N., Behnajady, M.A., 2004. Kinetic 
modeling of photocatalytic degradation of Acid Red 27 in UV/TiO2 process. 




Daneshvar, N., Salari, D., Khataee, A.R., 2003. Photocatalytic degradation of 
azo dye acid red 14 in water: investigation of the effect of operational 
parameters. Journal of Photochemistry and Photobiology A: Chemistry 157, 
111-116. 
Delgado, L.F., Charles, P., Glucina, K., Morlay, C., 2012. The removal of 
endocrine disrupting compounds, pharmaceutically activated compounds and 
cyanobacterial toxins during drinking water preparation using activated 
carbon—A review. Science of The Total Environment 435–436, 509-525. 
Desai, V.S., Kowshik, M., 2009. Antimicrobial activity of titanium dioxide 
nanoparticles synthesized by sol-gel technique. Res. J. Microbiol. 4, 97-103. 
EAWAG, 2002. Solar water disinfection-a guide for the application of SODIS. 
Swiss Federal Institute of Environmental Science and Technology. 
Elmolla, E.S., Chaudhuri, M., 2010. Photocatalytic degradation of amoxicillin, 
ampicillin and cloxacillin antibiotics in aqueous solution using UV/TiO2 and 
UV/H2O2/TiO2 photocatalysis. Desalination 252, 46-52. 
Elsalamony, R.A., Mahmoud, S.A., Preparation of nanostructured ruthenium 
doped titania for the photocatalytic degradation of 2-chlorophenol under 
visible light. Arabian Journal of Chemistry. 
Enne, V.I., Livermore, D.M., Stephens, P., Hall, L.M.C., 2001. Persistence of 
sulphonamide resistance in Escherichia coli in the UK despite national 
prescribing restriction. The Lancet 357, 1325-1328. 
Enriquez, R., Pichat, P., 2001. Interactions of humic acid, quinoline and TiO2 





Esplugas, S., Giménez, J., Contreras, S., Pascual, E., Rodríguez, M., 2002a. 
Comparison of different advanced oxidation processes for phenol degradation. 
Water Research 36, 1034-1042. 
Fenoll, J., Sabater, P., Navarro, G., Pérez-Lucas, G., Navarro, S., 2013. 
Photocatalytic transformation of sixteen substituted phenylurea herbicides in 
aqueous semiconductor suspensions: Intermediates and degradation pathways. 
Journal of Hazardous Materials 244–245, 370-379. 
Fent, K., Weston, A.A., Caminada, D., 2006. Ecotoxicology of human 
pharmaceuticals. Aquatic Toxicology 76, 122-159. 
Ferk, F., Mišík, M., Grummt, T., Majer, B., Fuerhacker, M., Buchmann, C., 
Vital, M., Uhl, M., Lenz, K., Grillitsch, B., Parzefall, W., Nersesyan, A., 
Knasmüller, S., 2009. Genotoxic effects of wastewater from an oncological 
ward. Mutation Research - Genetic Toxicology and Environmental 
Mutagenesis 672, 69-75. 
Foster, N.S., Koval, C.A., Sczechowski, J.G., Noble, R.D., 1996. Investigation 
of controlled periodic illumination effects on photo-oxidation processes at 
titanium dioxide films using rotating ring disk photoelectrochemistry. Journal 
of Electroanalytical Chemistry 406, 213-217. 
Frank, S.N., Bard, A.J., 1977. Heterogeneous photocatalytic oxidation of 
cyanide and sulfite in aqueous solutions at semiconductor powders. Journal of 
Physical Chemistry 81, 1484-1488. 
Friedberg, E.C., 2003. DNA damage and repair. Nature 421, 436-440. 






Furushita, M., Shiba, T., Maeda, T., Yahata, M., Kaneoka, A., Takahashi, Y., 
Torii, K., Hasegawa, T., Ohta, M., 2003. Similarity of tetracycline resistance 
genes isolated from fish farm bacteria to those from clinical isolates. Applied 
and Environmental Microbiology 69, 5336-5342. 
Gagné, F., Blaise, C., André, C., 2006. Occurrence of pharmaceutical products 
in a municipal effluent and toxicity to rainbow trout (Oncorhynchus mykiss) 
hepatocytes. Ecotoxicology and Environmental Safety 64, 329-336. 
Gallert, C., Fund, K., Winter, J., 2005. Antibiotic resistance of bacteria in raw 
and biologically treated sewage and in groundwater below leaking sewers. 
Applied Microbiology and Biotechnology 69, 106-112. 
Gao, P., Mao, D., Luo, Y., Wang, L., Xu, B., Xu, L., 2012a. Occurrence of 
sulfonamide and tetracycline-resistant bacteria and resistance genes in 
aquaculture environment. Water Research 46, 2355-2364. 
Gao, P., Munir, M., Xagoraraki, I., 2012b. Correlation of tetracycline and 
sulfonamide antibiotics with corresponding resistance genes and resistant 
bacteria in a conventional municipal wastewater treatment plant. Science of 
the Total Environment 421–422, 173-183. 
Gaya, U.I., Abdullah, A.H., 2008. Heterogeneous photocatalytic degradation 
of organic contaminants over titanium dioxide: A review of fundamentals, 
progress and problems. Journal of Photochemistry and Photobiology C: 
Photochemistry Reviews 9, 1-12. 
Gebhardt, W., Schroder, H.F., 2007. Liquid chromatography-(tandem) mass 
spectrometry for the follow-up of the elimination of persistent pharmaceuticals 
during wastewater treatment applying biological wastewater treatment and 




Gelover, S., Gómez, L.A., Reyes, K., Teresa Leal, M., 2006. A practical 
demonstration of water disinfection using TiO2 films and sunlight. Water 
Research 40, 3274-3280. 
Ghosh, J.P., Sui, R., Langford, C.H., Achari, G., Berlinguette, C.P., 2009. A 
comparison of several nanoscale photocatalysts in the degradation of a 
common pollutant using LEDs and conventional UV light. Water Research 43, 
4499-4506. 
Gogate, P.R., 2002. Cavitation: An auxiliary technique in wastewater 
treatment schemes. Advances in Environmental Research 6, 335-358. 
Gogate, P.R., Pandit, A.B., 2004. A review of imperative technologies for 
wastewater treatment I: oxidation technologies at ambient conditions. 
Advances in Environmental Research 8, 501-551. 
Golet, E.M., Alder, A.C., Giger, W., 2002. Environmental exposure and risk 
assessment of fluoroquinolone antibacterial agents in wastewater and river 
water of the Glatt Valley watershed, Switzerland. Environmental Science and 
Technology 36, 3645-3651. 
Gómez, M.J., Martínez Bueno, M.J., Lacorte, S., Fernández-Alba, A.R., 
Agüera, A., 2007. Pilot survey monitoring pharmaceuticals and related 
compounds in a sewage treatment plant located on the Mediterranean coast. 
Chemosphere 66, 993-1002. 
Gondal, M.A., Chang, X.F., Yamani, Z.H., Yang, G.F., Ji, G.B., 2011. GaN 
thin films growth and their application in photocatalytic removal of 
sulforhodamine B from aqueous solution under UV pulsed laser irradiation. 
Journal of Environmental Science and Health - Part A Toxic/Hazardous 




Greenlee, L.F., Lawler, D.F., Freeman, B.D., Marrot, B., Moulin, P., 2009. 
Reverse osmosis desalination: Water sources, technology, and today's 
challenges. Water Research 43, 2317-2348. 
Grzechulska, J., Morawski, A.W., 2002. Photocatalytic decomposition of azo-
dye acid black 1 in water over modified titanium dioxide. Applied Catalysis B: 
Environmental 36, 45-51. 
Gu, B., Mehlhorn, T.L., Liang, L., McCarthy, J.F., 1996. Competitive 
adsorption, displacement, and transport of organic matter on iron oxide: I. 
Competitive adsorption. Geochimica et Cosmochimica Acta 60, 1943-1950. 
Guglielmetti, E., Korhonen, J.M., Heikkinen, J., Morelli, L., Von Wright, A., 
2009. Transfer of plasmid-mediated resistance to tetracycline in pathogenic 
bacteria from fish and aquaculture environments. FEMS Microbiology Letters 
293, 28-34. 
Guillard, C., Bui, T.H., Felix, C., Moules, V., Lina, B., Lejeune, P., 2008. 
Microbiological disinfection of water and air by photocatalysis. Comptes 
Rendus Chimie 11, 107-113. 
Guo, Z., Ma, R., Li, G., 2006. Degradation of phenol by nanomaterial TiO2 in 
wastewater. Chemical Engineering Journal 119, 55-59. 
Gupta, V.K., Jain, R., Mittal, A., Saleh, T.A., Nayak, A., Agarwal, S., 
Sikarwar, S., 2012. Photo-catalytic degradation of toxic dye amaranth on 
TiO2/UV in aqueous suspensions. Materials Science and Engineering: C 32, 
12-17. 
Halling-Sorensen, B., Nielsen, S.N., Lanzky, P.F., Ingerslev, F., Lutzhoft, 
H.C.H., Jorgensen, S.E., 1998. Occurrence, fate and effects of pharmaceutical 




Hamamoto, A., Mori, M., Takahashi, A., Nakano, M., Wakikawa, N., 
Akutagawa, M., Ikehara, T., Nakaya, Y., Kinouchi, Y., 2007. New water 
disinfection system using UVA light-emitting diodes. Journal of Applied 
Microbiology 103, 2291-2298. 
Harris, D.J., Jr., Stulting, R.D., Waring, G.O., 3rd, Wilson, L.A., 1988. Late 
bacterial and fungal keratitis after corneal transplantation. Spectrum of 
pathogens, graft survival, and visual prognosis. Ophthalmology 95, 1450-1457. 
Haynes, W.M., 2012-2013. CRC Handbook of Chemistry and Physics. 93rd ed. 
CRC Press, inc. 
He, Z., Xie, L., Tu, J., Song, S., Liu, W., Liu, Z., Fan, J., Liu, Q., Chen, J., 
2009. Visible Light-Induced Degradation of Phenol over Iodine-Doped 
Titanium Dioxide Modified with Platinum: Role of Platinum and the Reaction 
Mechanism. The Journal of Physical Chemistry C 114, 526-532. 
Hedgespeth, M.L., Sapozhnikova, Y., Pennington, P., Clum, A., Fairey, A., 
Wirth, E., 2012. Pharmaceuticals and personal care products (PPCPs) in 
treated wastewater discharges into Charleston Harbor, South Carolina. Science 
of The Total Environment 437, 1-9. 
Helmut, G., 1994. New trends in photobiology: Photochemistry of DNA and 
related biomolecules: Quantum yields and consequences of photoionization. 
Journal of Photochemistry and Photobiology B: Biology 26, 117-139. 
Herrmann, J.-M., 1999. Heterogeneous photocatalysis: fundamentals and 
applications to the removal of various types of aqueous pollutants. Catalysis 
Today 53, 115-129. 
Hidaka, H., Horikoshi, S., Ajisaka, K., Zhao, J., Serpone, N., 1997. Fate of 
amino acids upon exposure to aqueous titania irradiated with UV-A and UV-B 
radiation: Photocatalyzed formation of NH3, NO3-, and CO2. Journal of 




Hoffmann, M.R., Martin, S.T., Choi, W., Bahnemann, D.W., 1995. 
Environmental applications of semiconductor photocatalysis. Chemical 
Reviews 95, 69-96. 
Hong, J., Sun, C., Yang, S.-G., Liu, Y.-Z., 2006. Photocatalytic degradation of 
methylene blue in TiO2 aqueous suspensions using microwave powered 
electrodeless discharge lamps. Journal of Hazardous Materials 133, 162-166. 
Hordeski, M.F., 2004. Dictionary of Energy Efficiency Technologies. CRC 
Press, inc, 175-176. 
Hu, H., Xiao, W.J., Yuan, J., Shi, J.-w., Chen, M.-x., Shang Guan, W.-f., 2007. 
Preparations of TiO2 film coated on foam nickel substrate by sol-gel processes 
and its photocatalytic activity for degradation of acetaldehyde. Journal of 
Environmental Sciences 19, 80-85. 
Huang, J.J., Hu, H.Y., Tang, F., Li, Y., Lu, S.Q., Lu, Y., 2011. Inactivation 
and reactivation of antibiotic-resistant bacteria by chlorination in secondary 
effluents of a municipal wastewater treatment plant. Water Research 45, 2775-
2781. 
Ibáñez, J.A., Litter, M.I., Pizarro, R.A., 2003. Photocatalytic bactericidal 
effect of TiO2 on Enterobacter cloacae: Comparative study with other Gram 
(−) bacteria. Journal of Photochemistry and Photobiology A: Chemistry 157, 
81-85. 
Idris, A., Misran, E., Mohd Yusof, N., 2012. Photocatalytic reduction of Cr(VI) 
by PVA-alginate encapsulated γFe2O3 magnetic beads using different types of 
illumination lamp and light. Journal of Industrial and Engineering Chemistry 
18, 2151-2156. 
Inel, Y., Ökte, A.N., 1996. Photocatalytic degradation of malonic acid in 




CO2 photogeneration. Journal of Photochemistry and Photobiology A: 
Chemistry 96, 175-180. 
Inglis, V., Frerichs, G.N., Millar, S.D., Richards, R.H., 1991. Antibiotic 
resistance of aeromonas salmonicida isolated from Atlantic salmon, Salmo 
salar L., in Scotland. Journal of Fish Diseases 14, 353-358. 
Izumi, I., Dunn, W.W., Wilbourn, K.O., Fan, F. R.F., Bard, A.J., 1980. 
Heterogeneous photocatalytic oxidation of hydrocarbons on platinized 
titanium dioxide powders. The Journal of Physical Chemistry 84, 3207-3210. 
Jacobs, L.E., Weavers, L.K., Houtz, E.F., Chin, Y. P., 2012. Photosensitized 
degradation of caffeine: Role of fulvic acids and nitrate. Chemosphere 86, 
124-129. 
Jaeger, C.D., Bard, A.J., 1979. Spin trapping and electron spin resonance 
detection of radical intermediates in the photodecomposition of water at TiO2 
particulate systems. Journal of Physical Chemistry 83, 3146-3152. 
Jagger, J., 1981. Near-UV radiation effects on microorganisms. 
Photochemistry and Photobiology 34, 761-768. 
Johnson, A.C., Sumpter, J.P., 2001. Removal of endocrine-disrupting 
chemicals in activated sludge treatment works. Environmental Science and 
Technology 35, 4697-4703. 
Kabra, K., Chaudhary, R., Sawhney, R.L., 2004. Treatment of hazardous 
organic and inorganic compounds through aqueous-phase photocatalysis: A 
review. Industrial and Engineering Chemistry Research 43, 7683-7696. 
Kamble, S.P., Sawant, S.B., Pangarkar, V.G., 2007. Heterogeneous 
photocatalytic degradation of p-toluenesulfonic acid using concentrated solar 




Kangwansupamonkon, W., Lauruengtana, V., Surassmo, S., Ruktanonchai, U., 
2009. Antibacterial effect of apatite-coated titanium dioxide for textiles 
applications. Nanomedicine: Nanotechnology, Biology and Medicine 5, 240-
249. 
Kasprzyk-Hordern, B., Dinsdale, R.M., Guwy, A.J., 2009. The removal of 
pharmaceuticals, personal care products, endocrine disruptors and illicit drugs 
during wastewater treatment and its impact on the quality of receiving waters. 
Water Research 43, 363-380. 
Kaur, S., Singh, V., 2007. TiO2 mediated photocatalytic degradation studies 
of Reactive Red 198 by UV irradiation. Journal of Hazardous Materials 141, 
230-236. 
Kim, H., Jauregui, A.H., Morrison, C., Najafi, K., Bernal, L.P., Washabaugh, 
P.D., 2007a. Low-power electrostatic microthruster for propulsion based on 
helmholtz-resonance. pp. 127-130. 
Kim, S.D., Cho, J., Kim, I.S., Vanderford, B.J., Snyder, S.A., 2007b. 
Occurrence and removal of pharmaceuticals and endocrine disruptors in South 
Korean surface, drinking, and waste waters. Water Research 41, 1013-1021. 
Klavarioti, M., Mantzavinos, D., Kassinos, D., 2009. Removal of residual 
pharmaceuticals from aqueous systems by advanced oxidation processes. 
Environment International 35, 402-417. 
Kohen, E., Santus, R., Hirschberg, J.G., 1995. Biological Effects of Solar 
Ultraviolet Radiation. Photobiology. Academic Press, San Diego, pp. 275-302. 
Konstantinou, I.K., Albanis, T.A., 2004. TiO2-assisted photocatalytic 
degradation of azo dyes in aqueous solution: kinetic and mechanistic 




Kosjek, T., Andersen, H.R., Kompare, B., Ledin, A., Heath, E., 2009. Fate of 
Carbamazepine during Water Treatment. Environmental Science & 
Technology 43, 6256-6261. 
Kosma, C.I., Lambropoulou, D.A., Albanis, T.A., 2010. Occurrence and 
removal of PPCPs in municipal and hospital wastewaters in Greece. Journal of 
Hazardous Materials 179, 804-817. 
Kumar, A., Mathur, N., 2006. Photocatalytic degradation of aniline at the 
interface of TiO2 suspensions containing carbonate ions. Journal of Colloid 
and Interface Science 300, 244-252. 
Kumarasamy, K.K., Toleman, M.A., Walsh, T.R., Bagaria, J., Butt, F., 
Balakrishnan, R., Chaudhary, U., Doumith, M., Giske, C.G., Irfan, S., 
Krishnan, P., Kumar, A.V., Maharjan, S., Mushtaq, S., Noorie, T., Paterson, 
D.L., Pearson, A., Perry, C., Pike, R., Rao, B., Ray, U., Sarma, J.B., Sharma, 
M., Sheridan, E., Thirunarayan, M.A., Turton, J., Upadhyay, S., Warner, M., 
Welfare, W., Livermore, D.M., Woodford, N., 2010. Emergence of a new 
antibiotic resistance mechanism in India, Pakistan, and the UK: A molecular, 
biological, and epidemiological study. The Lancet Infectious Diseases 10, 
597-602. 
Kümmerer, K., 2001. Drugs in the environment: Emission of drugs, diagnostic 
aids and disinfectants into wastewater by hospitals in relation to other sources 
- A review. Chemosphere 45, 957-969. 
Laganà, A., Bacaloni, A., De Leva, I., Faberi, A., Fago, G., Marino, A., 2004. 
Analytical methodologies for determining the occurrence of endocrine 
disrupting chemicals in sewage treatment plants and natural waters. Analytica 
Chimica Acta 501, 79-88. 
Lee, C., Yoon, J., 2004. Application of photoactivated periodate to the 
decolorization of reactive dye: Reaction parameters and mechanism. Journal 




Liga, M.V., Bryant, E.L., Colvin, V.L., Li, Q., 2011. Virus inactivation by 
silver doped titanium dioxide nanoparticles for drinking water treatment. 
Water Research 45, 535-544. 
Liltved, H., Landfald, B., 1996. Influence of liquid holding recovery and 
photoreactivation on survival of ultraviolet-irradiated fish pathogenic bacteria. 
Water Research 30, 1109-1114. 
Lin, A.Y.C., Yu, T.H., Lateef, S.K., 2009. Removal of pharmaceuticals in 
secondary wastewater treatment processes in Taiwan. Journal of Hazardous 
Materials 167, 1163-1169. 
López, A., Acosta, D., I. Martínez, A., Santiago, J., 2010. Nanostructured low 
crystallized titanium dioxide thin films with good photocatalytic activity. 
Powder Technology 202, 111-117. 
Lu, C. S., Chen, C. C., Mai, F. D., Wu, Y. C., 2007. Photocatalytic 
degradation of Michler's Ethyl Ketone in titanium dioxide dispersions under 
UV irradiation. Journal of Photochemistry and Photobiology A: Chemistry 
187, 167-176. 
Madani, M.E., Guillard, C., Pérol, N., Chovelon, J.M., Azzouzi, M.E., Zrineh, 
A., Herrmann, J.M., 2006. Photocatalytic degradation of diuron in aqueous 
solution in presence of two industrial titania catalysts, either as suspended 
powders or deposited on flexible industrial photoresistant papers. Applied 
Catalysis B: Environmental 65, 70-76. 
Maness, P.C., Smolinski, S., Blake, D.M., Huang, Z., Wolfrum, E.J., Jacoby, 
W.A., 1999. Bactericidal activity of photocatalytic TiO2 reaction: Toward an 
understanding of its killing mechanism. Applied and Environmental 




Manilal, V.B., Haridas, A., Alexander, R., Surender, G.D., 1992. 
Photocatalytic treatment of toxic organics in wastewater: Toxicity of 
photodegradation products. Water Research 26, 1035-1038. 
Martin, S.T., Lee, A.T., Hoffmann, M.R., 1995. Chemical mechanism of 
inorganic oxidants in the TiO2/UV process: Increased rates of degradation of 
chlorinated hydrocarbons. Environmental Science and Technology 29, 2567-
2573. 
Martínez Bueno, M.J., Agüera, A., Gómez, M.J., Hernando, M.D., García-
Reyes, J.F., Fernández-Alba, A.R., 2007. Application of liquid 
chromatography/quadrupole-linear ion trap mass spectrometry and time-of-
flight mass spectrometry to the determination of pharmaceuticals and related 
contaminants in wastewater. Analytical Chemistry 79, 9372-9384. 
Martínez, J.L., 2008. Antibiotics and antibiotic resistance genes in natural 
environments. Science 321, 365-367. 
Marugán, J., Hufschmidt, D., Sagawe, G., Selzer, V., Bahnemann, D., 2006. 
Optical density and photonic efficiency of silica-supported TiO2 
photocatalysts. Water Research 40, 833-839. 
Marugán, J., van Grieken, R., Pablos, C., Sordo, C., 2010. Analogies and 
differences between photocatalytic oxidation of chemicals and photocatalytic 
inactivation of microorganisms. Water Research 44, 789-796. 
Matsunaga, T., Tomoda, R., Nakajima, T., Wake, H., 1985. 
Photoelectrochemical sterilization of microbial cells by semiconductor 
powders. FEMS Microbiology Letters 29, 211-214. 
Maurer, M., Escher, B.I., Richle, P., Schaffner, C., Alder, A.C., 2007. 





Mazzarino, I., Piccinini, P., Spinelli, L., 1999. Degradation of organic 
pollutants in water by photochemical reactors. Catalysis Today 48, 315-321. 
Medina-Valtierra, J., Moctezuma, E., Sánchez-Cárdenas, M., Frausto-Reyes, 
C., 2005. Global photonic efficiency for phenol degradation and 
mineralization in heterogeneous photocatalysis. Journal of Photochemistry and 
Photobiology A: Chemistry 174, 246-252. 
Meggers, W.F., deBruin, T.L., Humphreys, C.J., 1929. The first spectrum of 
xenon. Bureau of Standards Journal of Research 3, 731. 
Meng, Y., Huang, X., Yang, Q., Qian, Y., Kubota, N., Fukunaga, S., 2005. 
Treatment of polluted river water with a photocatalytic slurry reactor using 
low-pressure mercury lamps coupled with a membrane. Desalination 181, 
121-133. 
Mills, A., Le Hunte, S., 1997. An overview of semiconductor photocatalysis. 
Journal of Photochemistry and Photobiology A: Chemistry 108, 1-35. 
Misdan, N., Lau, W.J., Ismail, A.F., 2012. Seawater Reverse Osmosis (SWRO) 
desalination by thin-film composite membrane—Current development, 
challenges and future prospects. Desalination 287, 228-237. 
Montazerozohori, M., Jahromi, S.M., 2012. Photocatalytic decolorization of 
ethyl orange at various buffer solutions using nano-titanium dioxide: A kinetic 
investigation. Desalination and Water Treatment 48, 261-266. 
Mor, G.K., Varghese, O.K., Paulose, M., Shankar, K., Grimes, C.A., 2006. A 
review on highly ordered, vertically oriented TiO2 nanotube arrays: 
Fabrication, material properties, and solar energy applications. Solar Energy 
Materials and Solar Cells 90, 2011-2075. 
Mori, M., Hamamoto, A., Takahashi, A., Nakano, M., Wakikawa, N., 




Development of a new water sterilization device with a 365 nm UV-LED. 
Medical and Biological Engineering and Computing 45, 1237-1241. 
Murray, G.E., Robin, R.S., Junkins, B., Kushner, D.J., 1984. Effect of 
chlorination on antibiotic resistance profiles of sewage-related bacteria. 
Applied and Environmental Microbiology 48, 73-77. 
Muruganandham, M., Selvam, K., Swaminathan, M., 2007. A comparative 
study of quantum yield and electrical energy per order (EEo) for advanced 
oxidative decolourisation of reactive azo dyes by UV light. Journal of 
Hazardous Materials 144, 316-322. 
Naddeo, V., Meriç, S., Kassinos, D., Belgiorno, V., Guida, M., 2009. Fate of 
pharmaceuticals in contaminated urban wastewater effluent under ultrasonic 
irradiation. Water Research 43, 4019-4027. 
Nagulapally, S.R., Ahmad, A., Henry, A., Marchin, G.L., Zurek, L., Bhandari, 
A., 2009. Occurrence of ciprofloxacin-, trimethoprim-sulfamethoxazole-, and 
vancomycin-resistant bacteria in a municipal wastewater treatment plant. 
Water Environment Research 81, 82-90. 
Nakata, K., Fujishima, A., 2012. TiO2 photocatalysis: Design and applications. 
Journal of Photochemistry and Photobiology C: Photochemistry Reviews 13, 
169-189. 
Natarajan, K., Natarajan, T.S., Bajaj, H.C., Tayade, R.J., 2011. Photocatalytic 
reactor based on UV-LED/TiO2 coated quartz tube for degradation of dyes. 
Chemical Engineering Journal 178, 40-49. 
Nawi, M.A., Jawad, A.H., Sabar, S., Ngah, W.S.W., 2011. Immobilized 
bilayer TiO2/chitosan system for the removal of phenol under irradiation by a 




Nazeeruddin, M.K., Kay, A., Rodicio, I., Humphry-Baker, R., Müller, E., 
Liska, P., Vlachopoulos, N., Grätzel, M., 1993. Conversion of light to 
electricity by cis-X2Bis (2,2′-bipyridyl-4, 4′-dicarboxylate) ruthenium (II) 
charge-transfer sensitizers (X = Cl-, Br-, I-, CN-, and SCN-) on nanocrystalline 
TiO2 electrodes. Journal of the American Chemical Society 115, 6382-6390. 
Nebot Sanz, E., Salcedo Dávila, I., Andrade Balao, J.A., Quiroga Alonso, J.M., 
2007. Modelling of reactivation after UV disinfection: Effect of UV-C dose on 
subsequent photoreactivation and dark repair. Water Research 41, 3141-3151. 
Nghiem, L.D., Schäfer, A.I., Elimelech, M., 2004. Removal of Natural 
Hormones by Nanofiltration Membranes: Measurement, Modeling and 
Mechanisms. Environmental Science and Technology 38, 1888-1896. 
Nick, S., 1997. Relative photonic efficiencies and quantum yields in 
heterogeneous photocatalysis. Journal of Photochemistry and Photobiology A: 
Chemistry 104, 1-12. 
Norman V. Klassen, D.M.A.H.C.E.M., 1994. H2O2 Determination by the I3- 
method and by KMnO4 titration. Anal. Chem 66, 2921-2925. 
Oguma, K., Katayama, H., Mitani, H., Morita, S., Hirata, T., Ohgaki, S., 2001. 
Determination of Pyrimidine Dimers in Escherichia coli and Cryptosporidium 
parvum during UV Light Inactivation, Photoreactivation, and Dark Repair. 
Applied and Environmental Microbiology 67, 4630-4637. 
Oguma, K., Katayama, H., Ohgaki, S., 2004. Photoreactivation of Legionella 
pneumophila after inactivation by low- or medium-pressure ultraviolet lamp. 
Water Research 38, 2757-2763. 
Ollis, D.F., Pelizzetti, E., Serpone, N., 1991. Destruction of water 




Oppenländer, T., 1998. Photochemical treatment of water: Comparison of 
incoherent excimer lamps with a medium-pressure mercuy lamp. Chemical 
Engineering & Technology 21, 502-505. 
Osterlind, A., 1986. Diverging trends in incidence and mortality of testicular 
cancer in Denmark, 1943-1982. British Journal of Cancer 53, 501-505. 
Owen, S.F., Giltrow, E., Huggett, D.B., Hutchinson, T.H., Saye, J., Winter, 
M.J., Sumpter, J.P., 2007. Comparative physiology, pharmacology and 
toxicology of β-blockers: Mammals versus fish. Aquatic Toxicology 82, 145-
162. 
Pablos, C., Marugán, J., van Grieken, R., Serrano, E., 2013. Emerging 
micropollutant oxidation during disinfection processes using UV-C, UV-
C/H2O2, UV-A/TiO2 and UV-A/TiO2/H2O2. Water Research 47, 1237-1245. 
Pareek, V., Chong, S., Tadé, M., Adesina, A.A., 2008. Light intensity 
distribution in heterogenous photocatalytic reactors. Asia-Pacific Journal of 
Chemical Engineering 3, 171-201. 
Pawley, J.B., 2005. Handbook of Biological Confocal Microscopy. 3rd ed, 
ISBN 10: 10-382-25921-x. 
Peak, N., Knapp, C.W., Yang, R.K., Hanfelt, M.M., Smith, M.S., Aga, D.S., 
Graham, D.W., 2007. Abundance of six tetracycline resistance genes in 
wastewater lagoons at cattle feedlots with different antibiotic use strategies. 
Environmental Microbiology 9, 143-151. 
Pedrouzo, M., Reverté, S., Borrull, F., Pocurull, E., Marcé, R.M., 2007. 
Pharmaceutical determination in surface and wastewaters using high-
performance liquid chromatography-(electrospray)-mass spectrometry. Journal 




Peng, H., Feng, S.X., Zhang, X., Li, Y., Zhang X.Y.. 2012. Adsorption of 
norfloxacin onto titanium oxide: Effect of drug carrier and dissolved humic 
acid. Science of The Total Environment 438, 66-71. 
Pera-Titus, M., García-Molina, V., Baños, M.A., Giménez, J., Esplugas, S., 
2004. Degradation of chlorophenols by means of advanced oxidation 
processes: A general review. Applied Catalysis B: Environmental 47, 219-256. 
Petrovic, M., Radjenovic, J., Postigo, C., Kuster, M., Farre, M., Alda, M.L., 
Barceló, D., 2008. Emerging contaminants in waste waters: Sources and 
occurrence. Springer, London, UK. 
Pidwirny, M., Vranes, K., 2010. Solar radiation. Encyclopeida of Earth, 
Washington, D.C.: Environmental Information Coalition, National Council for 
Science and the Environment. 
Pipelzadeh, E., Babaluo, A.A., Haghighi, M., Tavakoli, A., Derakhshan, M.V., 
Behnami, A.K., 2009. Silver doping on TiO2 nanoparticles using a sacrificial 
acid and its photocatalytic performance under medium pressure mercury UV 
lamp. Chemical Engineering Journal 155, 660-665. 
Pozzo, R.L., Baltanás, M.A., Cassano, A.E., 1997. Supported titanium oxide 
as photocatalyst in water decontamination: State of the art. Catalysis Today 39, 
219-231. 
Pozzo, R.L., Giombi, J.L., Baltanás, M.A., Cassano, A.E., 2000. Performance 
in a fluidized bed reactor of photocatalysts immobilized onto inert supports. 
Catalysis Today 62, 175-187. 
Prüss-Ustün, A., Vickers, C., Haefliger, P., Bertollini, R., 2011. Knowns and 
unknowns on burden of disease due to chemicals: A systematic review. 




Purdom, C.E., Hardiman, P.A., Bye, V.V.J., Eno, N.C., Tyler, C.R., Sumpter, 
J.P., 1994. Estrogenic Effects of Effluents from Sewage Treatment Works. 
Chemistry and Ecology 8, 275-285. 
Quek, P.H., Hu, J., 2008. Indicators for photoreactivation and dark repair 
studies following ultraviolet disinfection. Journal of Industrial Microbiology 
and Biotechnology 35, 533-541. 
Radjenović, J., Petrović, M., Barceló, D., 2009. Fate and distribution of 
pharmaceuticals in wastewater and sewage sludge of the conventional 
activated sludge (CAS) and advanced membrane bioreactor (MBR) treatment. 
Water Research 43, 831-841. 
Ray, A.K., Beenackers, A.A.C.M., 2004. Novel swirl-flow reactor for kinetic 
studies of semiconductor photocatalysis. AIChE Journal 43, 2571-2578. 
Richardson, M.L., Bowron, J.M., 1985. The fate of pharmaceuticals in the 
aquatic environment. Journal of Pharmacy and Pharmacology 37, 1-12. 
Richardson, S.D., 2003. Disinfection by-products and other emerging 
contaminants in drinking water. Trends in Analytical Chemistry 22, 666-684. 
Richardson, S.D., 2007. Water Analysis:  Emerging Contaminants and Current 
Issues. Analytical Chemistry 79, 4295-4324. 
Rincón, A.G., Pulgarin, C., 2003. Photocatalytical inactivation of E. coli: 
effect of (continuous–intermittent) light intensity and of (suspended–fixed) 
TiO2 concentration. Applied Catalysis B: Environmental 44, 263-284. 
Rincón, A.G., Pulgarin, C., 2004. Bactericidal action of illuminated TiO2 on 
pure Escherichia coli and natural bacterial consortia: post-irradiation events in 
the dark and assessment of the effective disinfection time. Applied Catalysis B: 




Rincón, A.G., Pulgarin, C., 2007. Absence of E. coli regrowth after Fe3+ and 
TiO2 solar photoassisted disinfection of water in CPC solar photoreactor. 
Catalysis Today 124, 204-214. 
Rizzo, L., Fiorentino, A., Anselmo, A., 2012. Effect of solar radiation on 
multidrug resistant E. coli strains and antibiotic mixture photodegradation in 
wastewater polluted stream. Science of The Total Environment 427–428, 263-
268. 
Rizzo, L., Manaia, C., Merlin, C., Schwartz, T., Dagot, C., Ploy, M.C., 
Michael, I., Fatta-Kassinos, D., 2013. Urban wastewater treatment plants as 
hotspots for antibiotic resistant bacteria and genes spread into the environment: 
A review. Science of The Total Environment 447, 345-360. 
Roberts, P.H., Thomas, K.V., 2006. The occurrence of selected 
pharmaceuticals in wastewater effluent and surface waters of the lower Tyne 
catchment. Science of The Total Environment 356, 143-153. 
Salaices, M., Serrano, B., de Lasa, H.I., 2002. Experimental evaluation of 
photon absorption in an aqueous TiO2 slurry reactor. Chemical Engineering 
Journal 90, 219-229. 
Sanderson, H., Johnson, D.J., Reitsma, T., Brain, R.A., Wilson, C.J., Solomon, 
K.R., 2004. Ranking and prioritization of environmental risks of 
pharmaceuticals in surface waters. Regulatory Toxicology and Pharmacology 
39, 158-183. 
Sauer, T., Cesconeto Neto, G., José, H.J., Moreira, R.F.P.M., 2002. Kinetics of 
photocatalytic degradation of reactive dyes in a TiO2 slurry reactor. Journal of 
Photochemistry and Photobiology A: Chemistry 149, 147-154. 
Schäfer, A.I., Nghiem, L.D., Waite, T.D., 2003. Removal of the natural 
hormone estrone from aqueous solutions using nanofiltration and reverse 




Schwartz, T., Kohnen, W., Jansen, B., Obst, U., 2003. Detection of antibiotic-
resistant bacteria and their resistance genes in wastewater, surface water, and 
drinking water biofilms. FEMS Microbiology Ecology 43, 325-335. 
Sczechowski, J.G., Koval, C.A., Noble, R.D., 1993a. Evidence of critical 
illumination and dark recovery times for increasing the photoefficiency of 
aqueous heterogeneous photocatalysis. Journal of Photochemistry and 
Photobiology A: Chemistry 74, 273-278. 
Sczechowski, J.G., Koval, C.A., Noble, R.D., 1995. A Taylor vortex reactor 
for heterogeneous photocatalysis. Chemical Engineering Science 50, 3163-
3173. 
Sellappan, R., Zhu, J., Fredriksson, H., Martins, R.S., Zäch, M., Chakarov, D., 
2011. Preparation and characterization of TiO2/carbon composite thin films 
with enhanced photocatalytic activity. Journal of Molecular Catalysis A: 
Chemical 335, 136-144. 
Selli, E., Baglio, D., Montanarella, L., Bidoglio, G., 1999. Role of humic acids 
in the TiO2-photocatalyzed degradation of tetrachloroethene in water. Water 
Research 33, 1827-1836. 
Serpone, N., Martin, J., Horikoshi, S., Hidaka, H., 2005. Photocatalyzed 
oxidation and mineralization of C1–C5 linear aliphatic acids in UV-irradiated 
aqueous titania dispersions—kinetics, identification of intermediates and 
quantum yields. Journal of Photochemistry and Photobiology A: Chemistry 
169, 235-251. 
Séveno, N.A., Kallifidas, D., Smalla, K., Van Elsas, J.D., Collard, J.M., 
Karagouni, A.D., Wellington, E.M.H., 2002. Occurrence and reservoirs of 
antibiotic resistance genes in the environment. Reviews in Medical 




Severin, B., Suidan, M., Engelbrecht, R., 1984. Series‐Event kinetic model 
for chemical disinfection. Journal of Environmental Engineering 110, 430-439. 
Shang, C., Cheung, L.M., Ho, C.M., Zeng, M., 2009b. Repression of 
photoreactivation and dark repair of coliform bacteria by TiO2-modified UV-C 
disinfection. Applied Catalysis B: Environmental 89, 536-542. 
Sharpless, C.M., Linden, K.G., 2001. UV photolysis of nitrate: Effects of 
natural organic matter and dissolved inorganic carbon and implications for UV 
water disinfection. Environmental Science and Technology 35, 2949-2955. 
Shie, J.L., Lee, C.H., Chiou, C.S., Chang, C.T., Chang, C.C., Chang, C.Y., 
2008b. Photodegradation kinetics of formaldehyde using light sources of UVA, 
UVC and UVLED in the presence of composed silver titanium oxide 
photocatalyst. Journal of Hazardous Materials 155, 164-172. 
Sievers, M., 2011a. Advanced Oxidation Processes. In: Peter, W. (Ed.). 
Treatise on Water Science. Elsevier, Oxford, pp. 377-408. 
Sievers, M., 2011b. Advanced Oxidation Processes. Elsevier, Oxford. 
Sim, W. J., Lee, J. W., Oh, J. E., 2010. Occurrence and fate of 
pharmaceuticals in wastewater treatment plants and rivers in Korea. 
Environmental Pollution 158, 1938-1947. 
Singh, H.K., Saquib, M., Haque, M.M., Muneer, M., Bahnemann, D.W., 2007. 
Titanium dioxide mediated photocatalysed degradation of phenoxyacetic acid 
and 2,4,5-trichlorophenoxyacetic acid, in aqueous suspensions. Journal of 
Molecular Catalysis A: Chemical 264, 66-72. 
So, C.M., Cheng, M.Y., Yu, J.C., Wong, P.K., 2002. Degradation of azo dye 




Sökmen, M., Candan, F., Sümer, Z., 2001. Disinfection of E. coli by the Ag-
TiO2/UV system: lipidperoxidation. Journal of Photochemistry and 
Photobiology A: Chemistry 143, 241-244. 
Sommer, R., Haider, T., Cabaj, A., Pribil, W., Lhotsky, M., 1998. Time dose 
reciprocity in UV disinfection of water. Water Science and Technology 38, 
145-150. 
Steenken, S., 1987. Addition-elimination paths in electron-transfer reactions 
between radicals and molecules. Oxidation of organic molecules by the OH 
radical. Journal of the Chemical Society, Faraday Transactions 1: Physical 
Chemistry in Condensed Phases 83, 113-124. 
Sun, X., Liu, H., Zhang, Y., Zhao, Y., Quan, X., 2011. Effects of Cu(II) and 
humic acid on atrazine photodegradation. Journal of Environmental Sciences 
23, 773-777. 
Sun, Z., Chen, Y., Ke, Q., Yang, Y., Yuan, J., 2002. Photocatalytic 
degradation of a cationic azo dye by TiO2/bentonite nanocomposite. Journal of 
Photochemistry and Photobiology A: Chemistry 149, 169-174. 
Sunada, K., Watanabe, T., Hashimoto, K., 2003. Studies on photokilling of 
bacteria on TiO2 thin film. Journal of Photochemistry and Photobiology A: 
Chemistry 156, 227-233. 
Tamminen, M., Karkman, A., Lõhmus, A., Muziasari, W.I., Takasu, H., Wada, 
S., Suzuki, S., Virta, M., 2011. Tetracycline resistance genes persist at 
aquaculture farms in the absence of selection pressure. Environmental Science 
and Technology 45, 386-391. 
Tang, J., Zou, Z., Yin, J., Ye, J., 2003. Photocatalytic degradation of 
methylene blue on CaIn2O4 under visible light irradiation. Chemical Physics 




Ternes, T.A., 1998. Occurrence of drugs in German sewage treatment plants 
and rivers. Water Research 32, 3245-3260. 
Terzian, R., Serpone, N., 1995. Heterogeneous photocatalyzed oxidation of 
creosote components: mineralization of xylenols by illuminated TiO2 in 
oxygenated aqueous media. Journal of Photochemistry and Photobiology, A: 
Chemistry 89, 163-175. 
Teske, S.S., Arnold, R.G., 2008. Removal of natural and xeno-estrogens 
during conventional wastewater treatment. Reviews in Environmental Science 
and Biotechnology 7, 107-124. 
Tokode, O.I., Prabhu, R., Lawton, L.A., Robertson, P.K.J., 2012. Effect of 
controlled periodic-based illumination on the photonic efficiency of 
photocatalytic degradation of methyl orange. Journal of Catalysis 290, 138-
142. 
Toor, A.P., Verma, A., Jotshi, C.K., Bajpai, P.K., Singh, V., 2006. 
Photocatalytic degradation of Direct Yellow 12 dye using UV/TiO2 in a 
shallow pond slurry reactor. Dyes and Pigments 68, 53-60. 
Trivedi, B., 2007. Hormones in the water devastate wild fish. New Scientist 
194, 16. 
USEPA, 1998. Advanced photochemical oxidation processes-Handbook.  
EPA/625/R-98/004, U.S. Environmental Protection Agency, Office of 
Research and Development, Washington, D.C. 
USEPA, 2003. Ultraviolet disinfection guidance manual.  EPA 815-D-03-007, 
U.S. Environmental Protection Agency, Office of Ground Water and Drinking 




Van Gerven, T., Mul, G., Moulijn, J., Stankiewicz, A., 2007. A review of 
intensification of photocatalytic processes. Chemical Engineering and 
Processing: Process Intensification 46, 781-789. 
Verlicchi, P., Galletti, A., Petrovic, M., Barceló, D., 2010. Hospital effluents 
as a source of emerging pollutants: An overview of micropollutants and 
sustainable treatment options. Journal of Hydrology 389, 416-428. 
Vilhunen, S., Särkkä, H., Sillanpää, M., 2009. Ultraviolet light-emitting diodes 
in water disinfection. Environmental Science and Pollution Research 16, 439-
442. 
Villacres, R., Ikeda, S., Torimoto, T., Ohtani, B., 2003. Development of a 
novel photocatalytic reaction system for oxidative decomposition of volatile 
organic compounds in water with enhanced aeration. Journal of 
Photochemistry and Photobiology A: Chemistry 160, 121-126. 
Walker, G.C., 1984. Mutagenesis and inducible responses to deoxyribonucleic 
acid damage in Escherichia coli. Microbiological Reviews 48, 60-93. 
Wang, C., Zhu, L., Wei, M., Chen, P., Shan, G., 2012a. Photolytic reaction 
mechanism and impacts of coexisting substances on photodegradation of 
bisphenol A by Bi2WO6 in water. Water Research 46, 845-853. 
Wang, C.Y., Rabani, J., Bahnemann, D.W., Dohrmann, J.K., 2002. Photonic 
efficiency and quantum yield of formaldehyde formation from methanol in the 
presence of various TiO2 photocatalysts. Journal of Photochemistry and 
Photobiology A: Chemistry 148, 169-176. 
Wang, J., Xie, Y.p., Zhang, Z.H., Li, J., Chen, X., Zhang, L., Xu, R., Zhang, 
X.D., 2009. Photocatalytic degradation of organic dyes with Er3+:YAlO3/ZnO 





Wang, P., Fane, A.G., Lim, T.-T., 2013. Evaluation of a submerged membrane 
vis-LED photoreactor (sMPR) for carbamazepine degradation and TiO2 
separation. Chemical Engineering Journal 215–216, 240-251. 
Wang, T., MacGregor, S.J., Anderson, J.G., Woolsey, G.A., 2005. Pulsed 
ultra-violet inactivation spectrum of Escherichia coli. Water Research 39, 
2921-2925. 
Wang, W.Y., Ku, Y., 2006. Photocatalytic degradation of Reactive Red 22 in 
aqueous solution by UV-LED radiation. Water Research 40, 2249-2258. 
Wang, Y.B., Hong, C.S., 1999. Effect of hydrogen peroxide, periodate and 
persulfate on photocatalysis of 2-chlorobiphenyl in aqueous TiO2 suspensions. 
Water Research 33, 2031-2036. 
Wang, Z.M., Liu, J., Dai, Y.C., Dong, W.Y., Zhang, S.C., Chen, J.M., 2011. 
Dimethyl sulfide photocatalytic degradation in a light-emitting-diode 
continuous reactor: Kinetic and mechanistic study. Industrial & Engineering 
Chemistry Research 50, 7977-7984. 
Watson, T., 2008. Ultraciolet therapy. Electrotherapy: Evidence-Based 
Practice, 12th ed Churchill Livingstone, pp. ISBN-10:0443101795. 
Wei, R., Ge, F., Huang, S., Chen, M., Wang, R., 2011. Occurrence of 
veterinary antibiotics in animal wastewater and surface water around farms in 
Jiangsu Province, China. Chemosphere 82, 1408-1414. 
Weinbauer, M.G., Wilhelm, S.W., Suttle, C.A., Garza, D.R., 1997. 
Photoreactivation compensates for UV damage and restores infectivity to 
natural marine virus communities. Applied and Environmental Microbiology 
63, 2200-2205. 
Wen, C., Hasegawa, K., Kanbara, T., Kagaya, S., Yamamoto, T., 2000. 




sensitizer for the degradation of iprobenfos fungicide. Journal of 
Photochemistry and Photobiology A: Chemistry 137, 45-51. 
Wong, C.C., Chu, W., 2003. The direct photolysis and photocatalytic 
degradation of alachlor at different TiO2 and UV sources. Chemosphere 50, 
981-987. 
Wu, C. H., 2008. Effects of operational parameters on the decolorization of 
C.I. Reactive Red 198 in UV/TiO2-based systems. Dyes and Pigments 77, 31-
38. 
Wu, C.H., Yu, C.H., 2009. Effects of TiO2 dosage, pH and temperature on 
decolorization of C.I. Reactive Red 2 in a UV/US/TiO2 system. Journal of 
Hazardous Materials 169, 1179-1183. 
Würtele, M.A., Kolbe, T., Lipsz, M., Külberg, A., Weyers, M., Kneissl, M., 
Jekel, M., 2010. Application of GaN-based ultraviolet-C light emitting diodes 
– UV LEDs – for water disinfection. Water Research 45, 1481-1489. 
Xiong, P., Hu, J.Y., 2012. Degradation of acetaminophen by UVA/LED/TiO2 
process. Separation and Purification Technology 91, 89-95. 
Xiong, Z., Ma, J., Ng, W.J., Waite, T.D., Zhao, X.S., 2011. Silver-modified 
mesoporous TiO2 photocatalyst for water purification. Water Research 45, 
2095-2103. 
Yamazaki, S., Matsunaga, S., Hori, K., 2001. Photocatalytic degradation of 
trichloroethylene in water using TiO2 pellets. Water Research 35, 1022-1028. 
Yang, G.C.C., Li, C.J., 2007. Electrofiltration of silica nanoparticle-containing 
wastewater using tubular ceramic membranes. Separation and Purification 
Technology 58, 159-165. 
Yang, H., An, T., Li, G., Song, W., Cooper, W.J., Luo, H., Guo, X., 2010a. 




pharmaceuticals in aqueous suspension of TiO2: A case of β-blockers. Journal 
of Hazardous Materials 179, 834-839. 
Yang, H., Li, G., An, T., Gao, Y., Fu, J., 2010b. Photocatalytic degradation 
kinetics and mechanism of environmental pharmaceuticals in aqueous 
suspension of TiO2: A case of sulfa drugs. Catalysis Today 153, 200-207. 
Yang, L., Yu, L.E., Ray, M.B., 2008. Degradation of paracetamol in aqueous 
solutions by TiO2 photocatalysis. Water Research 42, 3480-3488. 
Yang, X., Wang, Y., 2008. Photocatalytic effect on plasmid DNA damage 
under different UV irradiation time. Building and Environment 43, 253-257. 
Yu, J.T., Bouwer, E.J., Coelhan, M., 2006. Occurrence and biodegradability 
studies of selected pharmaceuticals and personal care products in sewage 
effluent. Agricultural Water Management 86, 72-80. 
Zang, Y., Farnood, R., 2005. Photocatalytic decomposition of methyl tert-
butyl ether in aqueous slurry of titanium dioxide. Applied Catalysis B: 
Environmental 57, 275-282. 
Zhang, J., Chang, V.W.C., Giannis, A., Wang, J.-Y., 2013. Removal of 
cytostatic drugs from aquatic environment: A review. Science of The Total 
Environment 445–446, 281-298. 
Zhang, X., Sun, D.D., Li, G., Wang, Y., 2008a. Investigation of the roles of 
active oxygen species in photodegradation of azo dye AO7 in TiO2 
photocatalysis illuminated by microwave electrodeless lamp. Journal of 
Photochemistry and Photobiology A: Chemistry 199, 311-315. 
Zhang, Y., Murtha, J., Roberts, M.A., Siegel, R.M., Bliska, J.B., 2008b. Type 
III secretion decreases bacterial and host survival following phagocytosis of 





Zhang, Y., Wong, J.W.C., Liu, P., Yuan, M., 2011. Heterogeneous 
photocatalytic degradation of phenanthrene in surfactant solution containing 
TiO2 particles. Journal of Hazardous Materials 191, 136-143. 
Zhao, J.L., Ying, G.G., Wang, L., Yang, J.F., Yang, X.B., Yang, L.H., Li, X., 
2009. Determination of phenolic endocrine disrupting chemicals and acidic 
pharmaceuticals in surface water of the Pearl Rivers in South China by gas 
chromatography-negative chemical ionization-mass spectrometry. Science of 
The Total Environment 407, 962-974. 
Zhao, L., Dong, Y.H., Wang, H., 2010. Residues of veterinary antibiotics in 
manures from feedlot livestock in eight provinces of China. Science of the 
Total Environment 408, 1069-1075. 
Zhao, L., Lian, J.S., 2007. Effect of substrate temperature on structural 
properties and photocatalytic activity of TiO2 thin films. Transactions of 
Nonferrous Metals Society of China 17, 772-776. 
Zhao, X., Liu, M.h., Zhu, Y.F., 2007. Fabrication of porous TiO2 film via 
hydrothermal method and its photocatalytic performances. Thin Solid Films 
515, 7127-7134. 
Zhong, J., Wang, J., Tao, L., Gong, M., Zhimin, L., Chen, Y., 2007. 
Photocatalytic degradation of gaseous benzene over TiO2/Sr2CeO4: Kinetic 
model and degradation mechanisms. Journal of Hazardous Materials 139, 323-
331. 
 
 
